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Tony  Dandrklge 

Chairman,  OFS  Technical  Program  Committee 

This  conference  is  the  eighth  in  the  Optical  Fiber  Sensor  (OFS)  Series,  the  first  being  held  in 
London  in  1983.  There  has  been  considerable  progress  over  the  past  nine  years  and  recently  a 
number  of  the  technological  hurdles  which  have  sbwed  the  development  of  this  technology  have 
been  overcome.  The  number  of  commercially  available  fiber  optic  sensors  is  still  growing,  how¬ 
ever  workers  in  the  fiber  sensor  area  now  have  a  better  appreciation  of  ttie  strengths  of  conven¬ 
tional  sensor  technology  and  realize  the  stiffness  of  the  competition.  However  a  number  of 
workers  in  the  user  community,  initially  skeptical,  are  beginning  to  see  the  real  advantages  fiber 
optic  sensor  technology  has  to  offer. 

It  has  always  been  the  OFS  conference  charter  to  publish  original,  significant  research  in  the 
area  of  fiber  ^tic  sensors.  As  the  technology  matures  it  is  natural  that  emphasis  shifts  towards 
applications-oriented  research  and  development.  Since  the  last  OFS  conference  there  have  been 
a  number  of  important  demonstrations  of  fiber  optic  sensor  technology  -  for  example  a  48  channel 
all  optical  towed  array  was  successfully  tested  at  sea  by  the  U.S.  Navy.  In  the  area  of  fiber  optic 
gyroscope  progress  has  also  been  rapid  towards  the  demonstration  of  the  viability  of  this  technol¬ 
ogy  for  wide  ranging  applications.  As  these  areas  mature  a  number  of  other  applications- 
especially  smart  skins,  are  rapidly  expanding.  This  gives  opportunities  for  the  development  of  new 
sensing  and  interrogation  techniques. 

There  still  ^pears  to  be  growing  interest  in  the  area  of  fiber  sensor  research,  the  number  of 
papers  submitted  to  the  conference  was  up  by  approximately  50%  compared  to  the  last  two  OFS 
conferences.  The  total  number  of  accepted  papers  increased  slightly  by  expanding  the  poster 
session,  the  number  of  oral  papers  remaining  approximately  the  same.  The  increased  number  of 
submitted  papers  led  to  a  substantially  lower  acceptance  rate  compared  to  recent  OFS  confer¬ 
ences.  I  think  this  has  led  to  a  higher  standard,  but  unfortunately  a  number  of  interesting  papers 
had  to  be  rejected.  I  would  like  to  emphasize  as  a  committee  we  avoided  placing  papers  in  the 
poster  session  purely  on  scoring,  the  judgement  was  based  on  the  suitability  of  the  subject 
matter.  A  number  of  the  highest  rated  papers  were  assigned  to  the  poster  session. 

I  would  like  to  take  this  opportunity  to  thank  the  many  people  who  have  contributed  to  the  suc¬ 
cess  of  the  conference.  Firstly  I  would  like  to  thank  the  members  of  the  technical  program 
committee  for  undertaking  both  the  solicitation  and  refereeing  of  the  papers.  I  would  like  to  give 
special  thanks  to  those  members  who  travelled  to  the  committee  meeting  for  their  help,  not  only  in 
lending  their  expertise  in  the  first  hand  evaluation  of  the  papers,  but  in  their  contributions  in  help¬ 
ing  to  organize  the  sessions.  I  would  also  like  to  praise  the  efforts  of  Fred  Leonberger,  Chairman 
of  the  International  Steering  Committee  for  his  invaluable  contributions  in  numerous  areas.  I  would 
also  like  to  thank  Wendy  Rochelle  and  the  LEOS  staff  for  their  valuable  help  in  organizing  the  con¬ 
ference.  Finally  I  would  like  to  thank  the  many  scientists  and  engineers  for  their  efforts  in  providing 
numerous  original,  high  quality  papers  without  which  there  would  be  no  OFS  conference. 
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Summary 


Q-switching  of  fibre  lasers  is  an  attractive  means  of  converting  the  relatively  low  CW  power 
of  pump  laser  diodes  into  short,  high  intensity  pulses  for  use  in  time-resolved  sensor  systems. 
Peak  powers  of  lOOW  at  l.Obpim  with  15ns  duration  have  previously  been  reported’  based 
on  the  use  of  Nd-doped  alumino-silicate  fibre  as  the  gain  medium.  We  report  here  the 
attainment  of  much  higher  powers  in  short  pulses  in  a  module  specifically  designed  for  high- 
resolution  distributed  sensor  applications. 


A  multi-component  neodymium-doped  phosphate  glass  fibre  is  used  as  the  amplifying 
element.  The  core  material  was  Schott  LG750  (1  wt%  Nd^^)  which  was  fabricated  into  a 
single-mode  fibre  using  a  rod-in-tube  manufacturing  technique  described  elsewhere^.  Fibres 
fabricated  with  LG750  (a  phosphate  glass)  as  the  core  material  have  the  advantage  of  higher 
emission  cross-sections  than  those  of  silica-based  fibres.  In  bulk  form  the  emission  cross- 
section^  of  LG750  is  4.10*^°  cm^  compared  with  Nd-doped  silica  fibres  which  have  emission 
cross  sections  around  1.10  “  cm^''*'.  This  gives  rise  to  higher  gain  in  terms  of  dB/mW.  A 
further  advantage  of  the  phosphate  glass  fibre  is  its  high  content  of  Nd’^  which  permits  very 
short  fibre  lasers  to  be  constructed,  an  essential  if  short  Q-switched  pulses  are  required. 
High  round  trip  gain  combined  with  a  short  cavity  gives  rise  to  rapid  power  build  up  even 
when  relatively  large  values  of  output  coupling  are  used.  The  combination  of  rapid  power 
build-up  and  relatively  large  output  coupling  enables  short  pulses  to  be  obtained. 

Fig.  1  shows  the  laser  configuration.  A  25mm  length  of  fibre  was  potted  in  a  silica 
capilliary  using  conventional  epoxy.  The  ends  of  the  capilliary  were  polished  orthogonal  to 
the  optical  axis  and  a  dichroic  dielectric  coating  was  applied  to  one  end  of  the  capilliary. 
The  coating  was  >99%  reflection  at  1.054/<m  with  >90%  transmission  at  810nm.  A  1mm 
glass  slide  was  bonded  to  the  other  capilliary  end  in  order  to  displace  the  4%  Fresnel 
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reflection  from  the  waveguide  end  in  order  to  prevent  premature  oscillation  of  the  high  gain 
laser.  An  intra-cavity  lens  was  used  to  collimate  the  fibre  output  onto  a  30%  reflection 
mirror  which  provid^  the  laser  output  and  round-trip  feedback.  A  compact  electro-optic 
integrated  Q-switch  was  used  to  modulate  the  cavity  loss.  The  overall  cavity  length  (10cm) 
was  dominated  by  the  length  of  the  Q-switching  element.  A  lOOmW  single-stripe  laser  diode 
operating  at  812nm  was  used  as  the  pump  source  and  was  coupled  into  the  fibre  using 
conventional  launch  optics. 


Fig.  2  shows  the  variation  of  output  power  and  pulse  duration  (at  sub  IkHz  repetition  rate) 
with  the  laser  diode  output  power.  Although  it  was  not  possible  to  determine  the  efficiency 
of  coupling  into  the  highly-doped  fibre  directly,  measurements  on  a  similar  un-doped  fibre 
indicated  that  up  to  50%  launch  efficiency  was  possible.  A  peak  power  of  1.06±0.05kW 
with  2ns  duration  was  obtained.  It  is  interesting  to  note  that  the  pulse  duration  is  only  2.5 
times  the  cavity  round  trip  period.  The  deviation  of  the  power  characteristic  from  an 
expected  straight  line  at  the  higher  pump  powers  is  attributed  to  bleaching  of  the  pump 
absorption  of  the  fibre  at  these  higher  pump  powers.  This  implies  that  a  higher-still  Nrf* 
concentration  in  the  fibre  is  desirable.  Inset  in  fig.  2  is  an  oscilloscope  trace  of  the  output 
pulse  shape  at  maximum  pump  power  recorded  with  a  high  speed  InGaAs  photodetector. 


Fig  3.  Shows  the  variation  of  peak  power  and  pulse  duration  as  a  function  of  repetition 
frequency  at  maximum  pump  power.  Above  IkHz,  lower-power,  longer-duration  pulses  are 
observed  as  expected  for  a  medium  with  a  upper-level  lifetime  of  »3(X)/<s.  This  is  due  to 
the  inability  of  the  population  inversion  to  reach  its  maximum  equilibrium  value  in  the  time 
between  (J-switch  trigger  pulses. 


In  summary,  we  have  obtained  1.1  kW  peak  power  pulses  with  2ns  duration  from  a  laser- 
diode  pumped  Nd-doped  fibre  laser.  This  is  the  highest  power  obtained  to  date  from  a  diode- 
pumped  fibre  laser  source.  The  laser  is  compact,  robust  and  potentially  inexpensive. 
Further  increases  in  peak  power  are  possible  by  shortening  the  cavity  and  the  laser  is 
potentially  tunable.  We  believe  this  makes  it  ideal  for  a  number  of  time-multiplexed  sensor 
aj^lications,  particularly  those  based  on  OTDR,  such  as  the  Raman  distributed  fibre 
temperature  sensor. 
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Fig.  2  Q-switched  pulse  peak  power  and  duration  variation 
widi  laser  diode  output  power.  Repetition  frequency  <lkHz. 
Inset  is  die  pulse  ahqw  at  maximum  pump  power  (87mW). 


Fig.  3  Q*switched  pulse  peak  power  and  duration  variation 
with  lepetitioa  firetpieiicy.  Pump  power  87mW. 
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Introduction 

The  use  of  a  Sagnac  interferometer  as  an  acoustic  sensor  lias  recently  been  demonstrated  [1].  One 
reason  for  using  a  Sagnac  interferometer  is  that  the  path  imbalance  is  zero,  such  that  no 
interferometric  conversion  of  the  source  phase  noise  to  intensity  noise  occurs.  The  low  frequency 
response  of  a  Sagnac  interferometer  increases  with  increasing  loop  length,  and  a  very  long  length 
of  Ebre  is  needed  to  achieve  high  responsivity  for  acoustical  firequencies.  In  this  paper  we  present 
a  scheme  where  we  enhance  the  low  frequency  response  using  a  recirculating  ring  within  the 
Sagnac  loop,  as  shown  in  fig.  1,  thereby  increasing  the  effective  length  of  the  Sagnac  loop.  To 
increase  the  number  of  recirculations  an  erbium-dop^  fibre  amplifier  is  incorporated  in  the  ring  to 
compensate  for  both  the  coupling  and  the  intrinsic  losses  of  the  ring.  We  also  present  the  results 
of  a  noise  analysis  of  a  recirculating  ring  including  a  fibre  amplifier,  and  show  that  the  dominating 
noise  in  our  sensor  is  the  beat  noise  between  the  signal  and  the  spontanous  emission  produced  by 
the  fibre  amplifier. 


Fig^  1.  Expierimcnlal  setup.  PZT  »  piczo-cicctic  Uansduccr,  VRC  »  variable  ratio  coupler,  WDM  =  wavelength 
division  multiplexer,  PC  «  polarization  controller,  ISO  »  oi^cal  isobtor  and  DL  =  diode  la^r.  To  prevent 
oscillation  from  the  fibre  end-faces,  all  ends  were  angle-  polished. 

Theory 

In  the  following  theoretical  analysis  the  source  is  assumed  to  be  a  single  mode  laser  with  a  source 
linewidth  much  narrower  than  the  linewidth  of  the  erbium  amplifier  gain  spectrum,  and  a  frequency 
matching  exactly  the  peak  frequency  vq  of  this  spectrum.  We  may  therefore  assume  a  constant 
amplifier  gain  G  =  G(vo).  When  the  coherence  time  of  the  source  Xcoh  is  much  smaller  than  the 
transit  time  x  of  the  recirculating  ring,  the  signal  output  current  is  a  sum  of  contributions  from 
Sagnac  interferometers  with  increasing  loop  length: 
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(1) 


Is(t)  =  IsO(t)+  IWt) 
m=l 

where  m  is  the  number  of  circulations  in  the  ring.  The  individual  contributions  IsmO)  are  given  in 
ref.  [1].  For  a  harmonic  signal,  the  sum  can  be  evaluated,  and  the  total  rms  signal  current  as  a 
function  of  frequency  may  be  written: 


V6 


(l-8oXl-K)nj 


ls,nns(0  ~  g  A  R  Pq  ^  K(l-U) 


2(l-cos[2ttfT]) 

l-2Ucos[2jrft]+U2 


(2) 


where  O  =  5P  Ls  is  the  amplitude  of  the  acoustically  induced  phaseshift  in  the  sensor  coil.  SP  is 
the  amplitude  of  the  acousto-optic  modulation  of  the  propagation  constant  and  Ls  is  the  length  of 
the  sensor  coil.  A  is  the  amplification  of  the  two  detector  currents,  R  is  the  responsivity  of  the 
detectors,  Pq  is  the  power  coupled  into  the  fibre  and  f  is  the  acoustical  fiequency .  So  is  the  loss  in 
the  variable  ratio  coupler  (VRC),  K  is  the  coupling  coefficient  of  that  coupler  aiid  U  =  (l-5o)  K  G 
(1-L)  is  the  loundtrip  transmission  which  must  be  less  than  one,  this  being  the  threshold  for  laser 
oscillations  in  the  ring.  L  is  the  loss  in  the  ring. We  have  assumed  that  the  sensor  coil  is  short,  Ls 
«  c/f,  and  that  the  signal  is  weak,  0«1.  The  linear  response  is  a  result  of  using  a  3x3  coupler 
with  subtraction  of  the  two  outputs,  as  shown  in  fig.l. 

The  output  noise  current  spectrum  is  obtained  as  the  Fourier  transform  of  the 
autocovariance  function  of  the  output  current,  as  in  [2]  and  [3],  but  with  the  fibre  amplifier 
incorporated  as  an  additional  noise  source.  We  get  three  noise  terms,  the  source  induced  noise  as 
in  [2]  and  [3],  the  signal-spontaneous  beat  noise  and  the  spontanteous-spontaneous  beat  noise. 
Source  induced  noise  will  normally  be  the  dominating  noise,  but  should  be  cancelled  in  our 
differential  detection  scheme.  The  dominating  noise  term  is  ^en  the  signal-spontaneous  beat 
noise.  Shot  noise  is  negligible  in  this  setup.  With  a  narrowband  laser  source  there  will  always  be 
some  interferometric  conversion  of  source  phase  noise  due  to  coherent  backscattering.  This  noise 
is  negligible  when  using  a  broadband  thermal  lOcc  source.  When  Xcoh  « we  get  for  the  signal- 
spontaneous  beat  noise: 

S,ip(f)  =  I  2  r2  Po  (I  hvo  (G-1)  •  SsjVO  0) 


p.  is  the  amplifier  population  inversion  factor,  which  is  assumed  to  be  one,  and  hVQ  is  the  ASE 
photon  energy.  phvo(G-l)  is  the  ASE  spectral  power  in  one  polarization  state  [4],  The  factor  2/9 
is  due  to  the  3x3  coupler.  S5^.sp(0  is  a  dimensionless  transfo’  function  fmr  the  recirculating  ring, 
given  by 


S5,s-sp(0  - 


(1-So)2K(1-K)  , 

,  ,  (l-K)U 

K1-K)(U+1) 

1-U 

‘  ^  K 

k 

l-2Ucos[27rfx]+U2  J 

(4) 


This  function  has  maxima  at  frequencies  n*l/x  were  n  0,1,2... 

The  noise  equivalent  phaseshift  I^^f)  is  obtained  by  setting  ls,nns(0  in  (2)  equal  to  die  rms  noise 
current  ln(0  =  AVSs-^O  B,  where  B  is  die  electrk:al  bandwidth  of  the  detection  system.  The 
result  is 


_  K(l-U)  ^  /^V0(G-1)B  S8g.sD(0(l-2Ucos[2iiTf]-HJ2) 
^  (l-5o)(l-K)2U  \  Po2(l-cos[2jiTf]) 


(5) 
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Experiment 


The  experimental  setup  is  shown  in  fig.  1,  Polarization  controllers  (PC)  were  used  to  control  both 
the  input  polarization  state,  the  reciprocity  of  the  Sagnac  interferometer  and  the  birefringence 
inside  the  recirculating  ring,  this  being  essential  to  obtain  maximum  signal-to-noise  ratio.  Some 
meters  of  fibre  were  wrapped  around  a  pioezo-electric  transducer  (PZT)  which  was  used  to 
simulate  the  acoustical  signd.  As  a  source  we  first  used  a  DFB  laser  with  linewidth  (FWHM)  of 
20  MHz  designed  to  operate  at  1536  nm.  The  wavelength  of  the  DFB  laser  was  temperature  tuned 
to  match  exactly  the  peak  of  the  erbium  amplifier  gain  spectrum.  Secondly,  we  tried  a  broadband 
superluminescent  erbium  fibre  source  with  2  nm  linewidth  (FWHM)  (and  maximum  power  0.45 
mW)  to  reduce  the  problem  with  coherent  backscattering.  The  erbium  fibre  was  the  same  as  in  the 
fibre  amplifier  and  no  wavelength  tuning,  and  therefore  temperature  control,  was  needed  to  match 
the  fibre  source  with  the  amplifier.  The  erbium  amplifier  linewidth  (FWHM)  is  4  nm. 

Results  and  discussion 

Fig.  2a  shows  NEd>(f)  when  using  the  DFB  laser.  The  three  solid  curves  refer  to  different  values 
of  the  coupling  K,  keeping  the  roundtrip  transmission  U  close  to  one.  Launched  source  power  Pq 
=  0.1  mW.  Fig.  2a  also  shows  the  measured  NEd>(0  for  a  simple  Sagnac  interferometer  without  a 
recirculating  ring,  but  with  the  same  total  length  of  fibre,  which  is  seen  to  give  the  lowest  NEO!  In 
fig.  2b  we  plot  NE<I>(f)  according  to  eq.  (5)  for  the  same  source  power  Pq  and  the  same  values  of 
K,  assuming  L  =  0.37 , 8q  =  0.04,  t  =  1.86  (is  and  U  =  0.99,  this  being  based  on  experiments 
with  a  pulsed  source  [4].  NEO  for  the  simple  Sagnac  interferometer  is  assumed  to  be  shot  noise 
limited  [1].  We  observe  a  clear  mismatch  between  the  experimental  results  in  fig.  2a  and  the 
theoretical  curves  in  fig.  2b,  even  though  the  functional  forms  are  similar.  This  is  mainly  due  to  the 
conversion  of  source  phase-noise  because  of  coherent  backscattering  associated  with  the  use  of  the 
relatively  coherent  Dra-laser. 

This  problem  should  not  be  present  when  using  the  incoherent  superluminescent  erbium 
source.  The  experimental  results  with  this  source  is  shown  in  fig.  3a,  again  for  different  values  of 
K,  operating  close  to  threshold.  We  see  a  decrease  in  NEO  by  one  order  of  ma^itude  which 
confirms  the  explanation  given  above.  Fig.  3a  also  shows  that  using  a  Sagnac  interferometer 
including  a  recirculating  ring  with  a  fibre  amplifier  decreases  NEO  at  low  frequencies  by  at  least  a 
factor  of  2  (at  10  kHz)  compared  to  a  simple  Sagnac  interferometer  with  the  same  total  length  of 
fibre.  The  corresponding  theoretical  curves  are  shown  in  fig.  3b,  where  the  same  parameters  as  in 
fig.  2b  are  used.  However,  in  this  case  we  can  no  longer  assume  a  constant  gain,  and  the 
expressions  in  (2)  -  (5)  have  been  modified  to  include  the  frequency  dependency  of  the  gain.  The 
mismatch  is  still  about  one  order  of  magnitude.  This  is  believ^  to  be  due  mainly  to  a  contribution 
of  source  induced  noise  because  of  a  slight  asymmetry  in  our  differential  detection  scheme.  We 
also  see  that  the  experiments  exhibit  higher  noise  at  freqeuncies  below  5  kHz.  This  is  probably  due 
to  1/f-noise. 

The  signal  frequency  response  was  experimentally  found  to  follow  eq.(2),  where  the  low 
frequency  response  is  enhanced  when  increasing  the  roundtrip  transission  U.  T^e  discrepancy 
between  theory  and  experiment  is,  therefore,  due  to  the  noise. 

Conclusion 

We  have  shown  that  incorporating  a  recirculating  ring  with  an  erbium-doped  fibre  amplifier  in  a 
Sagnac  interferometer  used  as  acoustical  sensor  decreases  the  noise  equivalent  phaseshift  at  low 
frequencies  compared  to  a  simple  Sagnac  interferometer  with  the  same  total  length  of  fibre.  The 
noise  penalty  using  a  fibre  amplifier  in  a  recirculating  ring  is,  however,  quite  high.  The  peak  in 
the  noise  spectrum  centred  at  f  =  0  is  crucial  for  low  fi^uency  operation  such  as  in  our  acoustical 
sensor,  and  therefore,  the  advantage  of  using  the  recirculating  ring  with  fibre  amplifier  is  limited. 
However,  the  active  recirculating  ring  can  be  very  useful  in  many  other  applications,  for  instance 
as  an  optical  delay  line  [5].  We  have  also  shown  that  a  superluminescent  fibre  source  is  an  almost 
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ideal  source  fw  sensor  applicaticms  because  of  its  incoherence  and  relatively  high  power.  It  is  also 
a  good  source  in  combination  with  a  fibre  amplifier. 


Reiiucacy  (kHz]  Iwqueacy  [UIz] 


Figure  2.  Noise  equivalrat  phaseshift  as  a  function  of  fiequency  at  different  coiq>IiM  ratios  K.  The  source  is  a  DFB 
laser,  a)  experimental  results,  roundtrip  transmission  close  to  threshold.  Results  wim  a  simple  Sagnac  loop 
interferometer  without  a  fibre  amplifler  is  also  shown,  b)  theoretical  results,  signal-spontaneous  b^  noise  limited. 
Roundtrip  transmission  U  =  0.99,  Shot  noise  limited  noise  equivalent  phasKl^  for  a  simple  Sagnac  loop 
intoferometo’  is  also  shown. 


I¥n|ueacy[kib]  Hcqmcr  [Ub] 

Hgure  3.  Same  as  2,  but  with  a  superluminescent  erbium  source,  a)  experimental  results,  b)  theoretical  results. 
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Interferometric  Measurements  Of  Linewidth  And  Phase 
Noise  Of  An  Er-doped  Fiber  Ring  Laser 
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Abstract:  A  measured  linewidth  of  <  lOkHz  and  a  phase  noise  level  of  ~  20  ^rad/^Hz  (measured 
with  a  3m  unbalanced  interferometer)  are  reported  fci  an  Er-doped  fiber  ring  laser  with  an  intra-ring 
fiber  birefringent  spectral  filter.  The  effects  of  acoustical  and  vibrational  shielding  on  these 
measurements  are  also  reported. 


There  is  considerable  interest  in  the  development  and  application  of  doped  fiber  amplifiers  and 
lasers  in  communications  systems  [Ij.  The  use  of  such  devices  in  fiber  optic  sensor  systems  is  also  of 
interest  (e.  g.,  broadband  superflourescent  Nd  and  Er  fiber  sources  for  fiber  gyroscopes  [2,  3]).  Single 
frequency  fiber  lasers  are  potentially  useful  sources  for  interferometric  sensor  applications.  A  number  of 
single  frequency  fiber  lasers  have  been  demonstrated,  most  commonly  utilizing  a  traveling-wave  ring 
configuration  [4 — 7].  The  important  laser  characteristics  for  interferometric  sensor  systems  are  phase 
noise,  linewidth,  frequency  stability,  and  tunability.  In  this  paper,  we  report  measurements  of  the 
linewidth  and  low-frequency  phase  noise  of  an  Er-doped  fiber  ring  laser  with  an  intra-ring  fiber 
birefringent  spectral  filter.  Measurements  of  the  low-frequency  laser  jitter  (1//FM  noise)  are  reported 
for  the  first  time.  We  also  demonstrate  that  linewidths  measured  using  the  delayed  self-heterodyne 
method  are  significantly  broadened  by  laser  FM  noise  due  to  acoustical  perturbations  of  the  laser  and 
the  delay  fiber  in  the  interferometer. 

The  ring  configuration  used  for  this  work  b  shown  in  Fig.  1.  The  amplifier  used  was  a  BT&D 
EFA3000  which  contains  20  m  of  Er-doped  fiber,  pumped  by  a  1480  nm  diode  laser.  The  Er-doped 
fiber  b  a  single-mode  Al203/Ge02/Si0}-cored  fiber  with  a  LPjj  mode  cutoff  wavelength  of  ~  1270 
nm.  The  Er  concentration  is  ~  300  ppm.  The  fiber-pig-tailed  Faraday  rotator/polarizer  (FR/P) 
combination  (Isowave)  ensured  that  the  ring  would  be  a  unidirectional  laser.  The  output  coupler 
coupled  30%  of  the  power  out  of  the  ring.  The  2m  and  8m  sections  of  high  birefringence  fiber  (York 
HiBi,  1mm  beat  length)  were  spliced  together  with  an  arbitrary  alignment  of  their  birefringent  axes. 
The  resultant  wavelength  selectivity  can  be  seen  in  the  modulation  of  the  amplified  spontaneous  noise 
in  Fig.  2,  the  laser’s  optical  spectrum  at  about  twice  threshold.  The  observed  wavelength  could  only  be 
changed  by  discrete  steps  by  changing  the  polarization  controller  (PC)  in  the  ring.  However,  when  the 
HiBi  was  heated  very  slightly  the  wavelength  changed  continuously  and  then  “hopped”  back  to  the 
starting  wavelength  when  it  began  to  approach  the  next  discrete  step.  Single-mode  operation  was 
verified  by  observing  the  beat  frequencies  and  the  interference  fringes  from  the  3m  path  imbalance 
Mach-Zehnder  interferometer  (see  Fig.  3).  The  fringes  from  the  interferometer  were  stable  for  periods 
on  the  order  of  10  seconds,  then  would  change  discretely  to  a  new  state  as  the  laser  mode-hopped.  The 
maximum  output  power  of  the  ring  laser  was  ~  500  ^W,  with  a  slope  efficiency  ~  2.5%. 

The  phase  noise  was  measured  by  introducing  a  22  mrad  signal  at  2.25  kHz  using  a 
piezoelectric  transducer  in  one  arm  of  the  3m  path-imbalance  interferometer.  The  phase  noise  of  the 
laser  with  no  acoustical  shielding  was  35  /irad/V5z  .  The  laser  was  then  acoustically  shielded.  The 
phase  noise  at  the  same  pump  level  (1.5  times  threshold)  decreased  to  22  /irad/'^Hz  (see  Fig.  4  (a)). 
The  measurement  frequency  and  pump  level  of  the  laser  are  important  parameters  in  the  measurement 
because  the  relaxation  oscillations  varied  from  ~  5kHz  to  ~  15kHz  and  increase  the  noise  floor  near  the 
measurement  frequency. 
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The  laser’s  linewidth  was  measured  using  the  delayed  self-heterodyne  technique  [8].  The  degree 
of  acoustical  and  vibrational  shielding  of  both  the  long-path-imbalance  interferometer  employed  and 
the  laser  made  a  large  difference  in  the  measured  linewidth  as  demonstrated  in  Fig.  5.  Curve  A 
corresponds  to  the  laser  with  no  acoustical  or  vibrational  shielding,  curve  B  corresponds  to  the  laser 
with  improved  vibration  isolation,  and  curve  C  corresjjonds  to  both  the  laser  and  the  long-path- 
imbalance  interferometer  acoustically  shielded.  Typical  lineshapes  corresponding  to  points  on  the 
curves  are  shown  in  Fig.  6.  The  line  shapes  did  not  depend  on  the  pump  current.  As  shown  in  Fig. 
5,  the  line  broadening  due  to  higher  levels  of  acoustically-induced  noise  increased  slightly  with  delay 
length.  The  primary  delay  length  dependence  of  the  line  broadening  is  due  to  low-frequency  jitter  (1// 
FM  noise).  To  investigate  the  frequency  dependence  of  the  FM  noise,  the  phase  noise  shown  in  Fig. 
4(a)  was  recalculated  as  FM  noise  and  plotted  as  a  function  of  frequency  in  Fig.  4(b).  The  FM  noise  is 
approximately  1//  dependent  for  0  <  /  <  3  kHz.  The  jitter  is  also  the  primary  reason  that  once  the 
laser  and  delay  line  were  acoustically  shielded,  the  measured  linewidth  was  independent  of  the  pump 
power  [9]. 

In  summary,  measurements  of  the  linewidth  and  low-frequency  phase  noise  of  an  Er-doped 
fiber  ring  laser  with  an  intra-ring  fiber  birefringent  spectral  filter  were  reported.  Measurement  of  the 
low-frequency  laser  jitter  (1//  FM  noise)  was  also  reported.  Linewidths  measured  using  the  delayed 
self-heterodyne  method  were  shown  to  be  significantly  broadened  by  laser  FM  noise  due  to  acoustical 
perturbations  of  the  laser  and  the  delay  fiber  in  the  interferometer. 
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BTiO  CFA  3000 


Fig.  1  Ring  Laser  Configuration.  The  lasing  wavelength  was  controlled  by  the  orientations  of  the 
polarization  controller  (PC)  coils  and  the  Faraday  rotator/exit  polarizer  (FR/P)  device. 
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SPECTRUM 


Fig.2  Optical  spectrum  of  the  ring  laser  at  about  twice  threshold.  The  modulation  of  the  amplified 
spontaneous  emission  is  due  to  the  intrarring  birefringent  spectral  filter  which  consisted  of  two  lengths 
of  HiBi  and  the  the  combined  Faraday  rotator/polarizer. 


Fig.  3  Interference  fringes  observed  with  3m  path-imbalance  Mach-Zehnder  interferometer. 

7i  ^ 


Frequency  [kHz] 

(a)  (b) 

Fig.  4  (a)  Phase  noise  measurement  using  3m  path-imbalance  Mach-Zehnder  interferometer.  The  peak 
at  2250  Hz  is  22  mrad  and  is  generated  by  a  piezoelectric  transducer  in  the  long  arm  of  the 
interferometer,  (b)  Phase  noise  of  Fig.  4(a)  recalculated  as  FM  noise. 
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35 


Delay  Length  [km] 


Fig.  5  Laser  linewidth  measured  using  the  delayed  seif-heterodyne  technique  vs.  the  delay  length  of  one 
of  the  interferometer  arms.  Curve  A  corresponds  to  the  laser  with  no  acoustical  or  vibrational 
shielding,  curve  B  corresponds  to  the  laser  with  improved  vibration  isolation,  and  curve  C  corresponds 
to  both  the  laser  and  the  long-path-imbalance  interferometer  acoustically  shielded. 


(a)  (b) 

Fig.  6  Lineshapes  observed  under  different  acoustic  conditions,  (a)  was  observed  with  a  delay  length  of 
13  km  with  no  acoustical  or  vibrational  shielding  of  the  laser  (corresponds  to  the  leftmost  point  on 
curve  A  of  Fig.  5),  (b)  was  observed  with  a  delay  length  of  18.8  km  with  the  laser  and  the  delay  fiber 
acoustically  shielded  (corresponds  to  the  leftmost  point  of  curve  C  in  Fig.  5).  The  frequency  span  of 
(a)  is  60  kHz  and  of  (b)  is  100  kHz. 
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W1 .4  High  Power,  Broadband  Light  Source  By  Tandem  Combination 
Of  A  Superluminescent  Diode  And  An  Er  Doped  Fiber  Ampiifier 

Norman  S .  Kwong 
Ortel  Corporation 

2015  W.  Chestnut  St.,  Alhambra,  CA  91803 

Broadband  light  sources  have  been  proven  to  be  very  useful  in 
fiber  gyro  applications.  In  the  past,  the  broad  band  light  sources 
which  have  been  used  for  fiber  gyro  applications  are  light  emitting 
diodes  (LED) ,  superluminescent  diodes  (SLD) ,  and  super fluorescent 
fiber  light  sources  (SFF) .  Let  us  compare  these  light  sources 
performances  at  the  1550  nm  wavelength.  LEDs  have  a  very  wide 
spectrum  (-100  nm  FWHM)  ,  but  very  low  fiber  coupled  power  (-10  mW.)  . 
SLDs  have  about  50  nm  spectral  width  and  about  1  mW  fiber  coupled 
power  [1] .  SFFs  have  high  output  power  (typically  a  few  mW  depending 
on  pump  power)  and  very  s'bable  optical  spectrum  with  respect  to 
temperature  variation.  However,  SFFs  have  undesirable  twin  peak 
characteristic  (at  1532  and  1558  nm)  in  the  fluorescence  spectrum. 
At  high  output  power,  the  peak  at  1532  nm  dominates  and  the  resulting 
spectral  width  is  very  narrow  (-2  nm)  [2].  Recently,  it  has  been 
shown  that  the  spectral  width  at  1532  nm  can  be  widened  to  9  nm  by 
using  A1  as  a  co-dopant  [3,4]. 

We  have  found  that  the  fluorescent  peak  at  1532  nm  can  be 
suppressed  and  the  broad  band  fluorescent  peak  at  1558  nm  can  be 
enhanced  by  operating  the  EDFA  in  the  gain  saturation  regime.  Gain 
saturation  is  achieved  by  injecting  a  relatively  low  power  (-0.3 
mW)  signal  from  an  SLD  into  the  EDFA.  The  resulting  broadband  light 
source  has  20  mW  output  power,  21  nm  spectral  width  and  less  than 
7%  spectral  modulation. 

The  Er  doped  fiber  used  in  the  experiment  is  an  Al-codoped  (3 
mole  %  AI2O3)  Er  doped  fiber  produced  by  AT&T.  The  core  diameter, 
Er  concentration  and  cut-off  wavelength  of  the  fiber  are  3.2  fim, 
400  ppm  and  1.02  /xm  respectively.  The  lengths  of  Er  doped  fiber 
is  12  m. 

Fig.  1  shows  the  schematic  diagram  of  the  SLD-EDFA  configuration. 
The  spectrum  of  the  SLD  before  the  EDFA  is  shown  in  Fig.  2.  The 
spectral  width  is  seen  to  be  49  nm.  The  SLD-EDFA  spectrum  is  shown 
in  Fig.  3.  The  forward  ASE  spectrum  without  SLD  input  is  also  shown 
in  Fig.  3  for  comparison.  The  980  nm  p\amp  power  is  60  mW.  The 
peak  at  1532  is  greatly  suppressed  due  to  gain  saturation. 

The  coherence  spectrum  of  the  SLD-EDFA  is  shown  in  Fig.  4.  The 
primary  coherence  peak  is  widened  from  48  tm  to  120  tm  at  the  l/e^ 
point  as  compared  to  the  original  SLD  coherence  spectrvim.  This  is 
due  to  the  spectral  width  being  reduced  from  50  nm  to  21  nm.  The 
secondary  coherence  peak  is  basically  the  same  as  the  original  SLD, 
which  indicates  that  the  fiber  amplifier  does  not  introduce  any 
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additional  spectral  modulation  to  the  system.  The  output  power  of 
the  SLD-EDFA  versus  input  SLD  power  is  shown  in  Fig .  5 .  For  the 
given  experimental  conditions,  the  SLD  power  required  to  saturate 
the  EDFA  gain  is  only  0.2  mW. 

As  long  as  the  SLD  spectrum  is  broad  and  covers  the  entire  EDFA 
fluorescent  spectrum,  the  resultant  SLD-EDFA  spectrum  is  determined 
by  the  saturated  gain  spectrum  of  the  EDFA.  Therefore,  SLD-EDFA 
enjoys  the  same  spectral  stability  with  respect  to  temperature  as 
the  SFF. 

In  conclusion,  a  light  source  with  high  power,  broad  spectrum, 
small  spectral  modulation  and  good  spectral  stability  with  tem¬ 
perature  has  been  demonstrated.  These  characteristics  are  highly 
desirable  for  fiber  gyro  applications.  The  twin  fluorescence  peak 
problem  is  solved  by  operating  the  EDFA  in  the  saturated  region 
with  an  injected  SLD  signal. 
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Fig.  t  Schematic  diagram  of  superfluorescent  fiber  light  source  (SFF). 
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Fig.  3  (a)  SLD-EDFA  output  spectrum  at  20  mW,  SLD  input  power  is  0.3  mW. 

(b)  SLD-EDFA  output  spectrum  without  SLD  input  (equivalent  to 
forward  ASE  SFF). 
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Fig.  4  Coherent  spectrum  of  SLD-EDFA  at  20  mW  output  power 


Input/Output  Characteristics  of  Er  Amplifier 


Fig.  5  SLD-EDFA  outpower  power  vs.  input  SLD  power. 
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A!2Slia£t 

Polarization-insensitive  high-power  superiuminescent  diodes  emitting 
at  1.5- pm  were  fabricated  by  using  a  tensile-strained-barrier  MQW. 
Polarization  dependence  as  low  as  5  %  and  3.8  mW  optical  power  were 
obtained  at  200  mA. 

Introduction 

Superiuminescent  diodes  (SLDs)  will  prove  to  be  optimum  light 
sources  in  optical  fiber  gyroscopes  and  in  optical  time  domain 
reflectrometry  (OTDR)  applications  because  of  their  low  coherence  and 
high  output  powerl).  Furthermore,  their  broad  emission  spectral  width 
and  consequently  short  coherence  length  can  significantly  improve  system 
performance.  We  have  already  reported  the  fabrication  of  high-power 
and  broad-spectral-width  InGaAsP  SLDs  emitting  at  1.3  (xm  ajid  1.5 
pm  2-5) .  These  SLDs  have  an  inherent  problem,  however,  in  that  the 
optical  output  powers  differ  greatly  between  the  TE  and  TM  modes. 
Polarization-maintained  optical  fibers  and  other  polarization-control 
optical  devices  are  therefore  needed  in  optical  sensor  applications,  but 
there  have  so  far  been  no  trials  to  fabricate  polarization-insensitive 
SLDs. 

Here  we  propose  a  novel  approach  using  a  tensile-strained-barrier 
multiple  quantum  well  (MQW)  active  layer.  Applying  this  active  layer 
structure,  we  could  realize  polarization-insensitive  SLDs  with  a  power 
difference  as  low  as  5%  for  all  polarization  angles.  An  optical  output 
power  of  3.8  mW  and  a  spectral  modulation  of  3%  were  attained  at  an 
injection  current  of  200  mA. 
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Approach  and  Device  Structure 

In  conventional  SLDs,  optical  power  in  the  TE  mode  is  usually  higher 
than  in  the  TM  mode.  This  is  mainly  due  to  the  different  mode 
confinement  factors  for  these  modes,  even  though  conventional  bulk 
materials  exhibit  polarization>insensitive  optical  gain.  Introducing 
tensile  strain  offers  a  promising  way  of  achieving  polarization-insensitive 
output  power.  The  effectiveness  of  this  approach  derives  from  the  fact 
the  TM-mode  gain  can  be  enhanced,  thus  allowing  a  polarization- 
insensitive  optical  amplifier6,7).  in  strained  MQW  SLDs,  tensile  strain 
might  be  introduced  into  the  well  layers  or  into  the  barrier  layers.  We 
used  the  latter  approach  and  obtained  very  promising  results. 

The  active  region  structure  is  shown  in  Fig.l.  The  lattice  constant  of 
10  Ini-xGaxAs  (x=0.47)  wells  was  matched  to  that  of  the  InP  substrate. 
The  thickness  of  the  wells  was 50  A.  The  1 1  Ini-yGayAs  (y=0.72) 
barriers  were  mismatched  to  the  InP  substrate  and  had  an  internal  strain 
of  -1.7  %.  The  barrier  thickness  was  also  50  A.  This  active  region  was 
sandwiched  between  two  InGaAsP  waveguide  layers  with  a  bandgap 
wavelength  of  1.28  |xm.  The  thickness  of  the  upper  and  lower  InGaAsP 
layers  were  1000  A  and  500A,  respectively.  This  device  was  grown  by 
metal  organic  chemical  vapor  deposition  (MOCVD)  and  was  buried  with 
InP  current-blocking  layers  by  liquid  phase  epitaxy  (LPE).  The  stripe 
width  was  1.5  iim. 

Suppression  of  the  Fabry-Perot  lasing  mode  for  our  conventional 
SLDs  have  been  achieved  by  using  a  nonpumped  bent-channel  waveguide 
region2-5),  but  here  we  used  a  new  suppression  structure  (Fig.  2).  The 
bandgap  of  one  part  of  the  straight  MQW  active  region  was  shifted  to  the 
longer  wavelength  by  disordering,  and  this  straight-channel  waveguide 
region  thus  effectively  worked  as  a  nonpumped  absorber.  The  strained 
MQW  disordering  was  accomplished  by  a  SiC^  cap  annealing  methods,  9). 
The  active  region  was  600  pm  long  and  the  nonpumped  disordered  region 
was  300  pm  long. 


Characteristics 

Output  power  over  3.8  mW  was  obtained  at  an  injection  current  of 
200  mA  (Fig.  3).  This  power  level  is  comparable  to  the  1.5 -pm  high- 
power  SLDs  we  reported  recently3).  The  inset  in  this  figure  is  the 
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emission  spectrum  observed  at  a  200mA  injection  current.  The  lasing 
mode  was  well  suppresssed  by  the  nonpumped  disordered  MQW  region, 
even  though  the  absorber  waveguide  was  straight.  Spectral  modulation 
was  less  than  3%.  At  an  injection  current  of  200  mA,  the  optical  power 
difference  for  all  polarization  angles  was  as  low  as  5%  (Fig.  4). 


Stfmmary 

Polarization  insensitive  SLDs  emitting  at  a  wavelength  of  1.5  M.m 
have  been  fabricated  for  the  first  time  by  using  a  tensile-strained-barrier 
MQW  active  structure.  Polarization  dependence  as  low  as  5%  was 
obtained  with  an  optical  power  of  3.8  mW  at  an  injection  current  of  200 
mA.  These  novel  SLDs  should  provide  highly  sensitive  fiber  gyroscopes 
and  other  optical  sensor  applications. 
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Fig.  1.  Strained  MQW  structure. 
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Fig.  3. 

Optical  power  vs.  injection  current. 
Inset  shows  emission  spectrum. 
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Fig.  2.  SLD  structure. 


Polarization  Angle  (degrees) 


Fig.  4. 

Optical  power  vs.  polarization  angle. 
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INTRODUCTION 

Frequency  modulation  (FM)  of  diode  lasers  is  the  basic  principle  behind  many  signal 
processing  schemes  used  for  fibre  optic  sensors  based  on  interferometry,  zmd  is  most 
conveniently  implemented  by  inj'ection  current  modulation.  Injection  current  induced 
frequency  modulation  also  results  in  unwanted  intensity  modulation;  the  objective  of 
optothermal  modulation  is  to  achieve  optical  frequency  modulation  without  intensity 
modulation  by  heating  the  laser  chip  with  an  external  pump  laser. 

THEORY 

The  optical  frequency  shift,  Au,  induced  by  injection  current  modulation  can  be  shown 
to  be**' 


At) 

V 


1 

Of  dp 


Ap  + 


1 

a  +  — . - 

rV  dT 


AT 


(1) 


where  n^  and  a  represent  the  refractive  index  and  linear  expansion  coefficient  of  the 
laser  cavity  respectively;  Ap  and  AT  depict  the  excess  charge  carrier  density  and  the 
temperature  shift  resulting  from  modulation  of  the  injection  current,  and  u  is  the 
mean  optical  frequency  of  the  laser.  The  temperature  effect,  AT,  dominates  the 

charge  carrier  effect,  Ap,  for  current  modulation  frequencies  <  IMHz*^',  which  is  the 
frequency  range  most  relevant  for  our  applications. 

For  the  optothermal  case,  it  can  be  shown  that 

Au  =  Ci.Ap(x)  -  C2.AT(x)  (2) 

where  the  magnitude  of  Cj  and  Cj  are  found  from  the  formula  used  to  describe  the 

injection  current  induced  frequency  modulation,  equation  (1).  However,  in  the 
optothermal  case  both  the  temperature  modulation,  AT(x),  emd  charge  carrier  density 
modulation,  Ap(x),  are  a  function  of  the  position  of  the  pump  spot,  x,  relative  to 
the  centre  of  the  active  region  output  facet,  and  it  ceui  be  shown  that 

AT(x)  =  F(x).R.APp^p  (3) 

where  R  is  the  thermal  resistance  of  the  diode  laser  structure;  APp^„„p  represents  the 
pump  power  incident  on  the  diode  facet  and  F(x)  is  a  factor  which  depends  on  x,  and 
is  given  by 
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where  k{x)  is  the  coupling  coefficient  of  the  pump  radiation  into  the  active  region 
and  is  a  gaussian  function  of  the  pump  spot  position  x;  t)  represents  the  internal 
quantum  efficiency;  Ap  and  A  are  the  pump  and  source  wavelengths  respectively;  d 
depicts  the  thermal  diffusion  length  and  r  represents  the  power  reflectivity  of  the 
diode  facet  at  the  pump  wavelength. 

The  factor  F(x)  contains  three  distinctive  terms,  (a)  and  (b)  represent  the  pump 
photons  injected  into  the  active  region  creating  electron-hole  pairs  that  decay 
radiatively  and  non-radiatively  respectively;  whereas  part  (c)  indicates  the  pump 
photons  that  are  not  coupled  into  the  active  region  but  still  contribute  to  its 
heating. 

The  charge  carrier  density  shift,  Ap(x),  injected  into  the  active  region  by  the  pump 
laser  is  assumed  to  be  of  the  form 

Ap(x)  «  k(x).APp„„p  (5) 

Optothermal  induced  amplitude  modulation  of  the  source  laser  diode  is  also  assumed  to 
be  a  function  of  both  the  charge  carrier  density  and  the  temperature.  The 
temperature  modulates  the  threshold  current,  ij^,  and  hence  the  power  output.  The 
overall  power  modulation  can  be  shown  to  be 

ith 

AP  =  k(x).Ti.— .(1  -  r).APp„^p  -  G.— .AT(x)  (6) 

^  To 

where  c  is  the  slope  eficiency  of  the  source  diode  laser  and  T^  is  the  characteristic 
temperature  associated  with  the  threshold  current,  ith*^’- 

Since  both  the  coupling  coefficient,  k(x),  and  the  temperature  shift,  AT(x),  are  both 
functions  of  the  pump  spot  position,  x,  it  is  possible  to  move  the  pump  spot  into  a 
position  where  the  charge  carrier  and  thermal  effects  on  output  power  become  of 
approximately  equal  magnitude,  but  of  opposite  sign,  such  that  the  power  modulation 
is  minimised.  The  frequency  modulation  continues  to  be  thermally  dominated  and  hence 
remains  of  useful  magnitude  for  the  applications  noted  in  the  introduction. 

EXPERIMENT 

An  external  diode  pump  laser,  (  780nm  ),  was  intensity  modulated  via  its  injection 
current  and  coupled  into  a  single  mode  fibre,  see  figure  (1).  The  pump  power  reaching 
the  source  diode  laser  facet,  (  820nm  ),  was  controlled  with  the  combination  of  a 
fibre  polarisation  controller  and  a  polarising  beamsplitter.  The  polarisation  of  the 

two  lasers  were  orthogonal  which  allowed  the  source  diode  laser  radiation  to  be 

launched  into  a  3db  fibre  coupler  in  order  that  both  the  intensity  and  the  optical 
frequency  could  be  monitored.  The  optical  frequency  was  monitored  with  a  confocal 
interferometer.  The  pump  spot,  with  a  diameter  of  ~  3pm,  was  piezoelectrically 
positioned  on  the  facet  of  the  source  diode  laser  by  transversely  moving  the  output 

end  of  the  fibre  delivering  the  pump  light.  A  dispersing  prism  was  inserted  at  the 

input  of  the  pump  fibre  to  minimise  reflections  back  to  the  source  diode  laser 
occuring  at  the  pump  laser. 

The  pump  laser  was  intensity  modulated  at  a  frequency  of  IkHz  and  the  pump  spot  was 
moved  away  from  the  active  region  in  a  direction  perpendicular  to  the  junction  of  the 
source  diode  laser,  both  the  frequency  and  power  modulation  of  the  source  laser  were 
monitored. 


23 


CFP 


CFP:  CONFOCAL  FABRY-PEROT.  SMF;  SINGLE  MODE  FIBRE,  HW;  HALF-WAVE  PLATE 
FC:  FIBRE  COUPLER.  PB:  PaARISING  BEAMSPLITTER.  LD;  LASER  DIODE. 


Figure  1.  Experimental  set-up. 


RESULTS. 

The  frequency  shift,  At»,  and  the  source  laser  power  modulation,  AP,  are  normalised  to 
the  pump  laser  power,  APp..„p.  and  they  are  both  displayed  as  a  function  of  pump  spot 

position,  X,  in  graphs  1(a)  and  Kb)  respectively. 

Graph  1  indicates  a  minimum  in  the  power  modulation,  but  still  with  useful  frequency 
modulation,  as  predicted  by  the  optothermal  theory.  The  minimum  in  the  power 
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Graph  1.  Frequency  and  power  shift  as  a  function  of  pump  spot  posltl<m 
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modulation  depth  is  less  than  0.1  7./mW,  when  operating  at  1.7  i^j,,  and  the  frequecy 
modulation  at  this  point  is  about  1.33  GHz/mW. 

The  optothermal  3db  frequency  modulation  bandwidth  was  measured  to  be  ~  80kHz  when 
the  pump  spot  was  positioned  on  the  active  region  and  is  shown  in  graph  2(a).  When 
the  pump  spot  is  moved  to  a  position  where  the  intensity  modulation  of  the  source  is 
at  a  minimum,  the  bandwidth  was  ~  20kHz  and  is  shown  in  graph  2(b). 


Graph  2.  Opthermal  FM  bandwidth  for  two  pump  spot  positions. 
DISCUSSION  AND  CONCLUSION 

It  has  ben  shown  that  optothermal  modulation  can  be  used  to  produce  amplitudes  of 
frequency  modulation  suitable  for  a  number  of  signal  processing  schemes  commonly  used 
in  fibre  interferometers.  Most  importantly,  it  has  been  demonstrated  that  the 
concomitant  intensity  modulation  is  negligible,  in  contrast  with  the  more  commonly 
used  injection  current  modulation.  Hence,  for  example,  it  is  possible  to  implement 
pseudo-heterodyne  signal  processing  with  almost  complete  carrier  suppression.  The 
modulation  bandwidth  is  sufficient  for  most  applications,  but  may  be  extended  using 
equalisation  techniques  similar  to  those  which  we  have  discussed  previously*^*. 
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W2.1  Progress  in  Interferometer  and  Resonator  Fiber  Optic  Gyros 

(Invited)  G.  A.  Sanders,  R.-Y.  Liu  &  L.  K.  Strandjord 

Honeywell  Systems  &  Research  Center 
Phoenix,  AZ 

Fiber-optic  gyroscopes  (FOGs)  have  been  under  investigation  worldwide 
for  over  fifteen  years.  The  interferometer  fiber-optic  gyro  (IFOG)  which  has 
received  the  most  attention  ^unong  the  two  most  basic  FOGs,  has  recently  moved 
out  of  the  purely  research  and  development  environment.  Efforts  now 
concentrate  on  productization  of  early  products,  environmental  ruggedization, 
size  and  cost  reductions,  as  well  as  further  performance  improvements.  The 
resonator  fiber-optic  gyro  (RFOG) ,  on  the  other  hand,  is  still  in  a  purely 
research  and  development  phase.  RFOG  development  efforts,  motivated  by  the 
potential  for  using  nominally  3 OX  less  fiber  to  achieve  comparable 
performance  to  the  IFOG,  are  aimed  at  demonstrating  its  performance 
potential.  Solutions  to  key  error  mechanisms  such  as  polarization-related 
error  mechanisms  are  now  being  demonstrated. 

Several  companies  are  now  pursuing  IFOG  product  developments  for 
various  applications.  The  most  prevalent  first  application  of  the  IFOG 
appears  to  be  in  the  l®/hr  (la)  performance  range;  particularly  for  attitude 
heading  reference  systems  (AHRS) .  Several  successful  flight  tests  have  been 
reported. Based  on  its  inherent  long  life,  3ow  cost  and  its  ability  to 
meet  the  rather  modest  1000  ppm  scale  factor  requirements,  an  all-fiber  open 
loop  approach  is  being  developed  at  Honeywell  for  AHARS  applications.  Three 
production  contracts  exist,  one  for  usage  on  the  Dornier  328  aircraft,  the 
second  for  the  Boeing  777  aircraft  and  the  third  for  a  Canadair  application. 
The  first  of  these  systems  is  shown  in  figure  1.  One  major  milestone  in  this 
application  is  the  demonstration  of  bias  performance  over  the  entire 
temperature  range,  which  has  recently  been  reported.^  Similarly  IFOGs  for 
military  AHRS  applications  are  now  being  productized.^ 

In  the  area  of  high  performance  IFOGs,  several  developers  have  reported 
navigation-grade  or  near  navigation-grade  performance  over  limited 
environments.  Efforts  such  as  the  DARPA- sponsored  GGP  progreun,^  where  an 
IFOG-based  IMU  is  coupled  to  a  GPS  receiver,  are  aimed  at  the  demonstration 
of  a  0.01®/hr  IFOG  over  the  military  environment.  While  much  attention  has 
focussed  on  the  IFOG  bias  issues  and  associated  solutions,  less  discussion 
has  centered  around  inherent  features  of  the  IFOG  that  enable  the 
demonstration  of  navigation-grade  scale  factor  performance.  In  particular, 
for  the  most  commonly  pursued  loop  closure  techniques,  i.e.,  serrodyne  phase 
modulation®  (Fig.  2)  and  the  digital  phase  reuap'^ ,  the  IFOG  scale  factor  is 
inherently  insensitive®  to  in^er feet ions  in  the  phase  modulation. 

One  exeunple  of  the  IFOG  tolerance  to  phase  r2unp  imperfections  is 
illustrated  in  figures  3,  4  and  5  for  the  case  of  serrodyne  modulation  of 
non-2Tl  eunplitude.^^  For  the  ideal  case  of  fixed  2n  amplitude  and  infinitely 
fast  fall  time,  one  can  show  that  the  servo  adjusts  the  ramp  slope,  S,  to 
impart  a  phase  shift  A®  =  -Og  where  ®g  is  the  phase  shift  due  to  rotation. 

No  errors  are  incurred  in  this  case  since  the  serrodyne  frequency,  F,  used  as 
the  readout  is  strictly  proportional  to  the  rotation  rate  12  under  this 
condition. 


where  D  is  the  coil  diameter,  A,  iis  the  wavelength,  and  n  is  the  fiber  index. 


Figure  3  shows  the  applied  serrodyne  voltage  v(t)  on  the  n.cdu;  -r  ,r  for 
the  case  of  a  phase  ramp  of  period  T  with  arbitrary  voltage  height  h.  Finn -e 
4  shows  the  resulting  phase  shifts  o^Ct)  and  02  liyhi: 

waves  traversing  the  sensing  loop  of  transit  time  X.  The  phase  difference 
A®  =  ©1  -  ©2  thus  given  by, 


A<|>  =  k  [  V  ( t )  -  V  ( t  -X )  ] 


(k  [  st-s  (t-x)  ]  =  ksx  0^t<T-X 

k  [  st-h-s  (t-x)  ]  =  k(sx-h)  T-x^t<T 


If  one  assumes  a  square  wave  bias  modulation  of  Jl/2  amplitude  and  subsequent 
digital  demodulation^,  then  the  servo  assures  equal  average  detected 
intensities,  I,  on  each  half  cycle  of  the  modulation  (corresponding  to  the 
gyro  being  AC  biased  to  the  -7C/2  and  ic/2  operating  points)  .  Thus, 


<I(7C/2)-I(-JC/2))  =  0 

where  I(±JC/2)  =  Iq  [  1  +  COS  ((|)s+ksX±7C/2 )  ]  0^t<T-X 

and  I(dbc/2)  =  Iq  [  1  +  COS  (<j)s+k  ( SX-h)  ±JC/2+27C)  ]  T-X^t<T 

where  an  arbitrary  2it  phase  shift  (see  figure  5)  has  been  added  to  the  phase 
in  the  last  term.  We  now  assume  that  the  intended  serrodyne  phase  shift  ksx 
is  close  to  -©g  (ksx+©s)«l  and  that  the  reset  2unplitude  kh  is  close  to  2n 
(kh-27t«l)  . 


Using  the  above  equations  to  compute  the  time  average  fields 

<I(ic/2)-I(-*/2)>  =  -2Ioni)3^ksT)  ^T-T)^-  ((|l,^ksT-kh^2n)^l  ^ 

since  ST  =  h,  the  above  equation  yields 

(j»g  =  "2^  =  -2JCFX  =>  F  = 

Thus,  as  long  as  the  reset  amplitude  is  close  to  2lt  such  that  the  gyro 
operates  near  ±ji/2  (on  the  linear  slope)  the  frequency  F  is  not  to  first 
order  affected  by  deviations  of  the  serrodyne  height  from  271.  This  is  a 
consequence  of  the  errors  during  the  main  reunp  interval  of  length  (T-X)  being 
X/ (T-x)  smaller  and  opposite  sign  than  those  during  the  flyback-affected 
interval  of  length  X. 

This  intrinsic  tolerance  to  phase  ramp  imperfections  is  responsible  for 
the  high  performance  scale  factor  data  reported  thus  far  in  both  the 
serrodyne^®  and  digital  phase  ramp^  cases  where  15  ppm  (see  Fig.  6)  and  10 
ppm  linearities  have  been  reported. 

Recent  RFOG  efforts^2~21  have  focused  on  solutions  to  issues  of  optical 
backscatter^^' polarization  errors^^”^®,  and  the  demonstration  of  high 
quality  fiber-optic  resonators^®.  Ezekiel  et  al^l  underscored  the  importance 
of  the  optical  backscatter  issue  by  showing  that  lock-in  like  behavior, 
similar  to  that  of  the  RLG,  results  if  the  interference  between  the 
backscatter  wave  and  the  signal  wave  is  not  suppressed.  Thus,  use  of  a 
carrier  suppressed  phase  modulation  on  one  input  wave  is  effective  for  this 
purpose.  However,  it  was  also  pointed  out  that  the  intensity  of  the 
backscattered  wave  is  a  significant  second  error  mechanism  affecting  the 
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scale  factor  performance.  Hotate  et  al  suggested  the  use  of  separate 
modulation  and  detection  frequencies  to  address  this  issue, which  was 
experimentally  demonstrated  to  the  860  ppm  performance  level. 

One  of  the  major  issues  in  the  resonator  FOG  is  that  due  to  the 
unavoidable  propagation  of  light  in  a  second  unwanted  polarization  state  of 
the  resonant  sensing  coil.  As  a  result,  the  fiber  resonator  has  a  second 
resonance,  in  addition  to  the  main  resonance  (used  to  sense  rotation) ,  that 
influences  the  rotation  measurement.  The  frequency  of  this  resonance  relative 
to  that  of  the  main  resonance  changes  with  temperature^^*  Up  to  1®/S  bias 
drifts  have  been  observed  when  the  two  resonances  coincide.  One  method  of 
suppressing  this  error  is  the  use  of  single  polarization  fiber  inside  the 
ring;  however,  the  extinction  ratio  requirements  range  from  40  dB  for  a  l®/hr 
gyro  to  80  dB  (not  realizable  in  today's  low- loss  guided  wave  components)  for 
a  O.OlVhr  gyro  performance.^®  Another  approach  is  based  on  the  use  of  a  90® 
rotation  of  the  polarization  in  the  loop.^®'^®  This  approach  effectively 
makes  the  birefringence  of  the  fiber,  of  which  temperature  changes  caused  the 
relative  drift  between  resonances  in  the  standard  resonator,  common  to  both 
resonant  polarization  states  of  the  ring.  In  this  way,  a  90®  rotation 
provides  a  temperature  independent  separation  of  the  resonances . 

Figure  7  shows  a  schematic  of  the  first  RFOG  assembled  using  a  90® 
splice. Results  to  date  show  a  factor  of  10  improvement  in  the  bias 
stability  over  previous  work,  achieving  0.4®/hr  bias  stability  over  a  2  hour 
drift  run  (thermal  compensation  was  used  here  so  the  data  represents  the 
repeatability  of  the  compensated  bias) .  However,  these  results  were  limited, 
as  shown  in  the  Allen  variance  plot  in  Figure  8,  by  random  noise  attributed 
to  laser  phase  and  2unplitude  instabilities.  Improved  results  are  expected 
with  the  implementation  of  standard  laser  stabilization  techniques. 
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1.  INTRODUCTION 

Fiberoptic  gyros  (FOGs)  are  all  solid  state  devices,  compact,  lightweight  and  highly  reliable.  These  merits 
have  attracted  much  attention  and  developments  have  bera  enetg  etkally  implemaited  mainly  for  aero^ce 
applications. 

Ibe  sensing  loop  of  FOG  has  been  conventionally  constituted  of  polarization  main-  taining  (PM)  fiber.  This 
fiber  is  more  expensive  than  ordinary  single  mode  (SM)  optical  fiber.  It  is  currently  an  essential  problem  to 
be  tackled.  In  the  FOGs  with  sensing  loops  of  low  cost  SM  fiber,  a  depolarizer  is  inserted  at  one  end  of  the 
coils.  The  performance  of  this  type  obtained  under  laboratory  conditions  has  been  reported  (1).  However, 
no  evaluation  under  practical  environmental  conditions  has  been  conducted  to  date.  The  audiors  evaluated 
and  investigated  the  behavior  of  a  FOG  with  SM  fiber  sensing  loop  under  practical  conditions.  Through  diis 
study,  an  intermediate  grade  (3  degrees/hr  1  a)  was  achieved  by  resorting  to  a  novel  configuration  of  sensing 
loop. 

2.  THEORY 

In  FOGs  with  SM  fiber  coils,  interference  between  X  and  Y  polarizations  in  die  coils.  It  is  therefore  veiy 
difficult  to  have  a  high  precision.  The  reason  is  its  excessively  small  i^se  difference  between  X  and  Y 
polarization.  Asa  solution  to  this  inconvenience,  a  lig^t  source  with  a  low  coherency,  SLO  for  example,  is 
used.  The  required  phase  difference  ^  is  given  by  the  equation 


where  Lc  is  the  coherent  length,  X  is  the  wavelmgth. 

To  inoduce  a  required  phase  difference,  a  system  widi  LYOT  type  depolarizer  is  usually  employed. 
However,  there  is  great  possibility  of  gyro  errors  due  to  die  presmce  of  a  fiber  of  different  Idndat  one  end 
of  the  coil.  The  influence  of  the  use  of  dqwlarizer  is  ^cussed  here  in  terms  of  thermally  induced 
nonreciprocity  (2) .  With  a  depolarizer  provided  at  a  suitable  position  as  shown  in  Fig.  1,  die  phase  error  dii> 
generated  in  an  interval  of  dl  is  determined  by 


(kl)-(^  +  ap)  — >‘Tdl 

dT  6t 

wha'e  P  is  the  propagation  constant,  a  is  the  linear  thermal  expansion  coefficimt  of  fiber  in  the  longitudinal 
direction,!  denotes  the  time  elapskl,  aft^  the  clockwise  light  has  passed  the  iiderval  dl  ,  till  the 
counterclockwise  light  traverses  the  same  interval. 

T  can  be  expressed  as  follows: 
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^_n(21-L) 

C 

where  n  is  the  refractive  index  of  the  optical  fiber  core. 

Here  letting  np  be  the  refractive  index  of  PM  fiber  core,  n^be  the  refractive  index  of  SM  fiber  core,  and  <)>, 
and  (t>2  be  the  phase  error  produced  at  the  depolarizer  and  phase  error  at  a  position  synunetrical  to  die  center  of 
the  whole  length  of  the  fiber  respectively,  and  &(|>  be  the  difference  between  these  errOTs,  we  obtain 


<14>2  =  k  ( ^  +  a  ns )  ^  X  dl 


Hence 


A(t>s  -  d(|>2 

k  dnp  dn«  ST 


5t 


[1] 


[2]  [3] 


The  first  term  of  this  equation  represents  the  change  in  refractive  index  due  to  temperature  change,  the  second 
term  the  temperature  change  rate,  die  third  term  the  point  ^ere  die  phase  error  occurs. 

One  solution  for  reducing  the  phase  error  is  to  set  1  =  U2,  diat  is  to  say,  to  locate  the  d^larizer  at  the  center 
of  the  coil.  However,  it  considerablly  degrades  the  design  feasibility,  so  it  is  not  the  b^t  strategy.  To  avoid 
this  disadvantage,  a  system  not  using  LYOT  type  dqxilarizer  is  designed  as  follows.  A  PM  fiber  is  wound 
into  each  lead  of  the  coil.  In  this  system,  li^t  is  propagated  from  a  fiber  of  low  birefrengence  (i.e.,  SM 
fiber)  to  the  fiber  of  high  birefrengence.  Consequently,  polarization  is  maintained  to  some  extent,  though  a 
litde  fluctuation  may  arise  due  to  environmental  perturbations.  Besides,  it  is  assumed  that  connection  of  PM 
fibers  of  the  same  length  to  both  epds  of  the  coil  will  result  in  better  reciprocity  and  signifrcantly  reduced 
thermal  nonreciprocity  (Fig.  2).  An  essential  parameter  in  the  design  of  the  ^stem  is  die  Imgth  of  the  PM 
fiber  to  be  connected  with  coil.  Letting  P»,  Psr«  Ppx>  ^py  (fenote  re^iectivety  the  prc^gation  constant  of 
SM  fib^  along  die  X  and  Y  axes,and  that  of  PM  fibw  along  X  and  Y  axes,  we  have  ^  relationship : 


Psx“  Ppx^  PsY^  PpY 

The  minimum  phase  difference  between  X  and  Y  polarizations  produced  during  propagation  from  the  point  A 
to  B  shown  in  Fig.  3  can  be  approximated  by 


A<I>-(Psx-Psy)>'-2(Ppx-Ppy)» 

iniiere  1  denotes  the  length  of  PM  fiber,  1 '  the  lengdi  of  SM  fiber.  The  fdiase  difference  thus  obtained  must 
be  sufficiently  large  so  as  not  to  cause  int^erence,  considering  the  co^ierent  length  of  the  light  source  used. 
This  requirement  is  satisfied  if 
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Rewriting  die  above  equation,  we  get 


(  Psx”  f  ”  2  ( Ppx~  Pry^  ^  ^ 

Hoice  the  suitable  length  of  PM  fiber,  l,isd^eniiinedt^ 

^^<Psx~PsY)^^  ^  27r>«Lc 

^^Prx“Ppy^  2(  ppjj“  Pjy) *  X 

A  FOG  of  desirable  precision  is  available,  if  a  PM  fiber  of  a  lotgdi  satisfying  the  above  cooditim  is 
connected  to  each  end  of  coil 

3.  EXPERIMENT 

Hg.  4  illustrales  the  configuration  of  the  FOG  used  in  our  operiments.  FOG  outputs  are  ddivered  through 
an  open  loop,  using  a  lock-in  amplifier  as  shown  in  Fig.  4.  Fig.  S  indicates  the  bias  stability  in  die  range 
from  -20  *(So  +  70  ‘Cbf  a  FOG  of  conventional  configuratkxi  with  a  dqxiiarizer  at  one  end  of  die  coils.  In 
the  experiments  die  temperature  was  chaiiged  at  a  rate  of  0.5  ‘floia  bias  stability  of  die  FOG  with  PM 
fiber  used  in  the  coils  is  given  in  Fig.  6.  As  known  from  Fi^  5,  the  outyut  drift  is  large  when  the 
temperature  changes,  in  die  case  of  the  configutadon  widi  a  dqpolarizer.  The  bias  stability  of  the  FOG  of  the 
configuration  proposed  in  this  paper  is  shown  in  Fig.  7.  As  clearty  dmionstrated  by  conoparing  these  figures, 
the  new  configuration  presents  a  bias  stability  of  the  same  level  as  diat  of  PM  fiber,  insensitive  to 
time-dqiendent  perturbations  such  as  temperature  dianges.  Furthennore,  bias  periodical  fluctuation  is 
observed  in  Fig.  5,  while  it  is  suppressed  in  Fig.  7.  For  Fig.6  and  7,  th^  setiqis  were  did  not  protect 
against  dew,  therefore  temperature  range  was  set  from  0  '(ib  70  *C 

4.  CONCLUSION 

A  low  cost  configuration  with  SM  fiber  has  been  {xesented  here,  with  its  anatytical  and  e^permintal  data.  It 
has  been  demonstrated  diat  the  new  configuration  enables  to  achieve  an  iiaeimediate  grade  FOG  performance 
under  practical  conditions.  The  authors  have  intention,  using  diis  configuration,  to  insvesdgate  from  now  on 
the  possibility  of  constructing  a  FOG  of  hi^er  precisioa 
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Abstract 

A  novel  method  to  reduce  the  optical  Kerr-effect  induced 
bias  in  the  resonator-type  gyro  is  presented.  The  bias  is 
monitored  by  modulating  light-source  intensity,  and  fed  back  into 
one  lightwave-intensity  traveling  in  resonator  to  make  it  zero. 

I.  Introduction 

Optical  Passive  Ring-Resonator  Gyro  (OPRG),  which  utilizes  a 
high  finesse  fiber  ring-resonator,  is  expected  to  achieve  a  high 
performance  using  a  much  shorter  length  of  a  fiber  loop  than  an 
interferometer-type  fiber  gyro.  Through  researches  on  the  noise 
sources  in  OPRG  [1]-[10],  bias  induced  by  optical  Kerr-effect  has 
been  calculated  to  be  one  of  the  dominant  noise  sources  [3]. 
This  bias  is  proportional  to  the  intensity  difference  between  CW 
and  CCW  lightwaves  in  the  resonator,  as  shown  in  Fig.  1 .  Even  a 
small  imbalance  of  0.01  %  between  the  two  lightwaves  produces  a 
bias  larger  than  the  shot  noise  limit  by  2  figures  of  magnitude 
in  the  high  performance  OPRG  [3].  One  method  to  reduce  the  bias 
is  to  modulate  the  input  lightwave  intensity  into  the  resonator 
with  a  square  wave,  which  has  50  %  duty  ratio  and  frequency  of  an 
integer  times  the  resonator  free  spectrum  range.  However, 
requirements  for  the  intensity  modulator,  such  as  the  bandwidth 
and  the  extinction  ratio,  are  rather  severe  [3]. 

In  this  paper,  we  present  a  novel  and  effective  method  to 
reduce  the  Kerr-effect  induced  bias  in  OPRG.  First,  the 
lightwave  intensity  into  the  resonator  is  slightly  modulated  by  a 
low-frequency  sinusoidal  wave.  The  bias  is  obtained  by 
synchronous  detection  with  the  modulation  frequency,  and  is  fed 
back  into  one  lightwave  intensity  in  resonator  to  make  it  zero. 

II.  Principle  to  reduce  the  Kerr-effect  induced  bias 

Figure  2  shows  the  experimental  setup.  Optical  source  is  an 
LD-excited  ring  YAG  laser  (X=1.3  urn)  with  a  spectrum  linewidth  of 
about  300  kHz  including  the  jitter  [11].  The  resonator  consists 
of  polarization-maintaining  fiber  and  coupler,  and  its  length  and 
diameter  are  12m  and  0.1  m,  respectively.  The  finesse  is  about 
100.  To  suppress  the  polarization  fluctuation  induced  bias  [4], 
we  adopted  the  resonator  with  a  90°  polarization-axis  rotation 
[5],  [6].  The  PZT  is  modulated  by  a  7  kHz  sinusoidal  wave  to 
catch  the  resonance  point  by  lock-in  amplifiers  (LIA's).  The 
output  of  the  detector  D2  is  fed  back  into  the  PZT  through  LIA2 
to  cancel  the  environmental  fluctuations.  Additionally,  the 
laser  frequency  is  controlled  digitally  combined  with  the  normal 
analogue  feedback  to  complement  the  shortcomings  of  the  analogue 
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feedback  in  the  low  frequency  region  (partially  digital-feedback 
scheme)  [7].  Closed  loop  operation  is  adopted  to  remove  the 
scale  factor  change.  Accordingly,  the  rotation  signal  is 
obtained  as  the  frequency  difference  between  AOMI  and  A0M2. 
Interference  noise  between  the  signal  wave  and  the  backscattering 
in  the  resonator  [8]  is  reduced  by  a  binary  phase  shift  keying 
(b-PSK)  modulation,  by  which  the  carrier  component  of  CCW  wave  is 
eliminated  [9]. 

The  lightwave  intensity  into  the  resonator  is  slightly 
modulated  with  sinusoidal  wave  (angular  frequency:  k)  by  using 
intensity  modulator  IMI .  The  modulation  frequency  k  is  much 
lower  than  that  of  the  resonance  point  detection  q.  The 
difference  output  P3  between  LIA1  and  LIA2  contains  the  frequency 
k  component  which  is  produced  by  the  Kerr-effect,  when  the 
average  CW  power  is  not  equal  to  the  average  CCW  power  Iqcw* 

When  IcW“^CCW^  does  not  contain  the  k  component.  These  are 
illustrated  in  Fig.  3,  Therefore,  the  Kerr-effect  induced  bias 
proportional  to  (^cw'^CCW^  synchronously  detected  with  LIA3, 
and  the  output  P4  or  i!pIA3  is  fed  back  into  the  intensity 
modulator  IM2  to  make  the  intensity  difference  zero.  The  YAG 
laser  has  an  intensity  modulation  function  [11],  which  is  used  in 
the  experiment  in  place  of  IMI.  Moreover,  A0M2  is  used  as  the 
intensity  modulator  in  place  of  IM2. 

There  may  occur  two  questions  on  this  method.  One  is  that 
the  intensity  modulation  itself  by  IMI  may  cause  an  additional  k 
component.  The  resonance  characteristics  of  the  resonator  g(t) 
is  given  as  follows. 

Cs 

g(t)=Ci  (l+C2sin(kt+«5k))[l-  ^  ^  -  ],(1  )  f=fe+f»sln(qt)+fk(l+C2sin(kt+^k))+f«,  (2) 

1+C4  vf ~I«) 

where  =  fQ,  f^,  fj^,  and  are  the  constants, 

resonance  frequency,  frequency  deviation  or  FM  for  detecting  the 
resonance  point,  Kerr-effect  induced  bias,  the  offset  from  the 
resonance  point,  and  the  phase  term  of  the  intensity  modulation, 
respectively.  In  Eqs.  (1)  and  (2),  the  terms  1 +C2Sin(kt+$j.)  and 
f]^sin(kt+$i^)  represent  the  intensity  modulation  itself  aim  the 
Kerr-effect  induced  k  component,  respectively.  The  demodulation 
output  h(t)  with  frequency  q  is  expressed,  as  the  derivative  of 
Eq.  (1)  with  f,  by 

h(t)=2CiC3C<  {fn+fk+fkC2V2+fnC2sin(kt+^  k)+2fkC2sin(kt+^k)-fkC2^cos(2kt+2^  k)/2).  (  3  ) 

In  Eq.  (3),  fn  is  small  enough,  because  we  adopt  the  closed  loop 
operation.  Therefore,  the  intensity  modulation  component  itself 
(the  fourth  term  of  Eq.  (3))  can  be  neglected  compared  with  the 
Kerr-effect  induced  k  component  (the  fifth  term).  We  can  detect 
the  k  component  related  only  to  the  Kerr-effect  at  LIA3. 

The  other  question  is  whether  the  difference  between  CW  and 
CCW  intensity  can  be  obtained  as  P3,  even  though  electronic  gain 
for  PI  and  P2  is  different  each  other.  However,  if  both  CW  and 
CCW  operation  loops  are  closed,  we  can  obtain  it. 

III.  Experimental  results 

Figure  4  (a)  and  (b)  shows  the  OPRG  output  without  and  with 
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the  Kerr-effect  reduction  method,  respectively.  The  modulation 
frequencies  for  rotation  sensing  and  the  Kerr-effect  detection 
are  7  kHz  and  200  Hz,  respectively.  The  intensity  modulation 
index  is  set  to  be  3.2  %.  The  outputs  of  D1  and  D2  are  divided 
by  the  monitor  output  of  the  laser  [11].  This  division  is  also 
effective  in  eliminating  the  third  term  of  Eq.  (3).  The  time 
constant  T  for  gyro  output  is  30  sec.  The  initial  CW  lightwave 
intensity  in  the  resonator  is  about  55  yW.  The  CW  intensity  is 
changed  by  13  yW  using  variable  attenuator  at  the  points 
indicated  by  the  arrow  in  Fig.  4. 

As  shown  in  Fig.  4  (a),  without  this  method,  the  bias 
changes  by  90  Hz  in  agreement  with  theoretical  value  [3]  in  the 
order.  However,  Fig.  4  (b)  clearly  shows  that  this  method  can 
compensate  the  Kerr-effect  bias  induced  by  the  intensity  change. 

We  have  already  achieved  the  drift  of  about  10”^  rad/s, 
which  is  limited  by  the  Kerr-effect  [2].  In  the  next  step,  we 
improve  the  drift  by  reducing  the  effect  using  this  method. 

IV.  Conclusion 

We  have  presented  the  novel  and  effective  method  to  reduce 
the  optical  Kerr-effect  induced  bias  in  OPRG.  The  experiments  on 
basic  operation  to  verify  the  validity  of  this  method  has  been 
successfully  performed.  In  the  next  step,  we  reduce  the  Kerr- 
effect  induced  drift  by  adjusting  the  parameters  appropriately. 
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Fujikura  Ltd,  for  their  help  in  fabricating  the  fiber  resonator, 

RG  f  GDCOIIOO  S 

[1]  K,Hotate,  OPS'90  (Sydney),  TUOl.l,  11,  Invited, 

[2]  K,Hotate,  K,Takiguchi,  Fiber  Optic  Gyross  15th  Anniv,  Conf, 
(Boston),  1585-14,  Sept,  1991,  Invited, 

[3]  K,Iwatsuki,  K, Rotate,  M,Higashiguchi,  JIT,  LT-4,  645  (1986), 

[4]  K,Iwatsuki,  K, Rotate,  M,Higashiguchi,  Appl,0pt,,  25,  2606 
(1986), 

[5]  G, A. Sanders,  R,B, Smith,  G,F, Rouse,  SPJE  OE/FIBERS' 89 
(Boston),  1169-74,  373, 

[6]  K,Takiguchi,  K, Rotate,  Photon, Tech, Lett , ,  3,  88  (1991), 

[7]  K,Takiguchi,  K, Rotate,  Photon, Tech, Lett, ,  3,  July  1991, 

[8]  F, Zarinetchi,  S, Ezekiel,  Opt, Lett,,  11,  401  (1986), 

[9]  K, Rotate,  K,Takiguchi,  A,Hirose,  Photon, Tech, Lett , ,  2,  75 
(1990), 

[10]  K,Takiguchl,  K, Rotate,  HOC  91  (Yokohama),  L25,  Oct,  1991, 

[11]  User  manual.  Lightwave  Electronics  Co,  (U,S,A,),  Apr,  1988, 


“^ccw'^cw 


Fig,  1  Kerr-effect 
induced  bias. 


36 


CaiTier  suppression  by  b-PSK 


DCTECTORl 


>®->AMP 
DBM  .  I 


n't  ' 


_ _  ‘ — ! 

-►LIA3  4-K  D2-^UA2  4-Q  Dl-►UA1<-^^^  k 


8in(M)  (k«q)  YAG 
_  LASE^ 

DIGITAL  ne  ^ 

FEEDBACK 

SCHEME 


UATOR  N 


C0UPLm2 


COUPLERS 


CLOSED 

LOOP 


COUPLER! 


DETECTOR2 


Pig.  2  Experimental  setup  of  OPRG 
with  the  reduction  method  of  Kerr-effect  induced  bias. 
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Fig.  4  Basic  operation  of  the  Kerr-effect  reduction  method.  At 
the  time  indicated  by  O?  input  power  is  intentionally  changed, 
(a)  without,  (b)  with  the  method.  The  time  constant  for  gyro 
output  is  30  sec.  100  H2=2x10“^  rad/s. 


W2.4  Experimental  Investigation  On  Direction  Sensor  Using  A  Fiber 

Optic  Gyroscope  With  High  Resolution 

H.  Kajioka,  N.  Ashizuka,  T.  Kumagai,  and 
H.  Nakai,  Hitachi  Cable  Ltd.,  Hitachi-city,  Japan 

1. INTRODUCTION 

A  highly  sensitive  fiber  optic  gyroscope  (FOG)  is  used  as  a 
geodesic  compass.  This  FOG  is  based  on  an  open  loop  and  minimum 
reciprocal  configuration  with  all  pciarization  maintaining  fiber 
(PFM)  components.  In  this  paper  we  present  an  experimental 
investigation  on  north-seeking  accuracy  by  considering  the  rate 
resolution  of  the  FOG. 

2.  PRINCIPLE 

Figure  1  shows  an  example  from  the  earth's  rotation  detection 
result.  In  the  experiment,  the  fiber  sensing  coil  is  placed  perpendicular 
to  the  horizon,  and  rotated  vertically  in  many  directions.  When  the  loop 
pointed  directly  north,  the  output  of  the  FOG  decreased  to  nearly  zero. 

Thus  a  highly  sensitive  gyroscope  can  be  used  as  a  deodesic  compass. 

In  an  ideal  case,  the  required  rate  resolution  5  6  of  the  direction 
sensor  is  given  as  foil  ows. 

5Q  =  5  0  (Qe  cos0l)/<18O/n)  (deg/h)  •••  (  1  ) 

where  Qe  is  the  earth’s  rotation  rate,  and  0  I  is  the  latitude. 

For  example,  when  01  is  37  degrees,  and  50  i s  0.  5  degrees  then  5  Q 

i  s  0.  1  deg/h. 

3.  HIGHLY  SENSITIVE  FOG 

The  FOG  system  is  shown  in  Fig. 2.  The  rate  output  of  the  FOG  is 
shown  in  Fig. 3.  The  noise  level  is  about  0.1  deg/h  and  this  value  is 

near  the  shot  noise  level  of  0.05  deg/h. 

4.  NORTH-SEEKING  EXPERIMENT 

Figure  4  shows  a  photograph  of  an  optical  geodesic  compass 
prototype.  This  instrument  consists  of  three  parts:  FOG.  horizontal 
level  stabilizer,  and  the  rotating  mechanism.  Figure  5  shows  one  of 
the  experimental  results.  In  this  experiment,  the  earth’s  rotation 
rate  was  measured  every  36  degrees.  Figure  6  shows  the  accuracy  of 
the  direction  senseor.  where  the  earth's  rotation  rate  was  measured 
every  36  degrees.  According  to  this  experiment,  the  north-seeking 
sensitivity  of  about  0.5  degrees  agrees  well  with  E q n  ( 1 ) . co n s i de r i ng 
that  the  rate  resolution  of  the  FOG  is  about  0.1  degrees  per  hour 
at  an  integration  time  of  5  seconds. 
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5. RESOLUTION  IMPROVEMENT 


Based  on  the  above-discussed  results,  the  most  effective  way  to 
improve  the  n or t h- se e k i ng  accuracy  is  to  improve  the  rare  sensitivity 
of  the  FOG.  One  way  to  do  this  is  to  make  the  scale  factor  as  large 
as  possible  by  using  a  longer  PMF  in  the  1.55Mm  region.  Figure  7 
shows  the  fiber  length  dependent  no  r  t  ti- see  k  i  ng  accuracy.  The  authors 
are  presently  investigating  geodesic  compass  with  a  targat  accuracy 
of  0.05  degrees  using  5  to  10  kilometers  of  PMF. 

6.  CONCLUSION 

An  optical  gyrocompass  with  a  nor t h- se e k i ng  accuracy  of  0.5  degrees 
has  been  developed  by  using  a  fiber  optic  gyroscope  with  a  rate 
resolution  of  0.1  degrees  per  hour  with  an  integration  time  of  5  seconds. 
This  showed  that  north-seeking  accuracy  is  mainly  determined  by  the  rate 
resolution  of  the  FOG.  A  longer  PMF  and  a  high  power  SLD  in  l.bbpm 
wavelength  region  will  be  used  to  improve  the  accuracy  of  the  direction 
sensor. 
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(Maximum)  Gyroscope  Direction 


Fig.  1  Earth’s  rotation  (detection  result 


Fig.  4  Inner  view  of  a  prototype  optical  gyrocompass 

(Size :  520X320X300  mm) 
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Number 


Angle  of  direction  (deg.) 


Fig.  5  An  experimental  result  of  earth’s  rotation  rate. 


Error  (degree )  Fiber  length  (Km) 

Fig.  6  The  accuracy  of  Fig.  7  Shot  noise  limited 
optical  gyrocompass  resolution 
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W2.5  Integrated  1 .06  [im  Fiber  Gyro  Superfluorescent  Source 

W.K.  Burns  and  R.P.  Moeller 
Code  6570 

Naval  Research  Laboratory 
Washington,  DC  20375 
and 

E.  Snitzer  and  G.  Puc 
Rutgers  University 
Piscataway,  N.J.  28855 

There  is  great  interest  in  using  fiber  superfluorescent  sources 
in  fiber  optic  gyroscopes  as  a  replacement  for  semiconductor 
superluminescent  diodes  (SLD's).  Potential  benefits  include  higher 
available  power,  better  wavelength  stability  with  temperature,  and 
improved  lifetime.  Multiclad  NdiHbers^  pumped  by  a  laser  diode 
array  offer  high  output  powers  in  a  single  mode  core,  but  are 
susceptible  to  lasing  due  to  feedback.^  This  type  of  diode  laser 
pumped  source  has  been  successfully  employed  in  a  Hber  gyroscope 
using  a  backward  pumping  scheme.^  In  particular  this  approach 
avoided  the  backreflection  of  backwards  going  superfluorescent 
emission  off  the  high  reflectivity  diode  array  facet.^  In  addition  to 
concern  about  feedback  and  reflections  one  must  consider  the 
problem  of  source  integration,  such  that  an  all-Hber  source  can  be 
spliced  into  the  gyro  without  bulk  optic  components. 

We  report  an  approach  that  deals  with  these  issues  by  the  use 
of  a  fiber  coupled  1.06  pm  optical  isolator  between  the  active  Hber 
output  and  the  gyro,  and  by  a  novel  samarium  (Sm)  doped  fiber 
which  couples  the  active  fiber  with  the  diode  array.  The  Sm  fiber  is 
transparent  at  the  0.81  pm  pump  and  heavily  absorbing  at  1.06  pm, 
thus  providing  isolation  from  the  diode  array  facet.  These 
components  allow  conventional  forward  pumping  of  the  active  fiber 
in  a  spliced,  all-fiber  configuration. 
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The  Sm  fiber  has  a  construction  similar  to  the  multiclad  Nd 
fiber,  which  in  turn  is  similar  to  that  of  Ref.  1,  used  as  the  active 
fiber  (Fig.  1).  The  inner  core  is  AI2O3  -  Si02  doped  with  3  wt.  %  Sm 

and  is  made  slightly  larger  in  diameter  then  the  Nd  doped  core  of  the 
active  fiber.  The  45  pm  x  110  pm  Si02  multimode  core  and  the  outer 

polymer  layers  are  similar  for  each  fiber.  An  absorption  spectrum 
for  the  Sm  preform  (Fig.  2)  shows  an  absorption  at  1.06  pm  of  1.64 
dB/cm.  The  corresponding  loss  at  0.81  pm,  measured  in  the  fiber, 
was  ~0.02  dB/m.  Thus  adequate  isolation  can  be  obtained  in  a  Sm 
fiber  length  of  0.5  m  or  less. 

The  fiber  source  conHguration  is  shown  in  Fig.  3.  The  Sm  fiber 
(1.6m)  is  butt  coupled  to  a  0.5  W  diode  array.  The  Nd  fiber  (20m)  is 
spliced  to  the  Sm  fiber  (0.8  dB  splice  loss)  and  to  the  input  fiber  lead 
of  a  1.06  pm  isolator  (4  dB  loss).  The  Nd  doped  fiber  output  power 
vs.  diode  array  drive  current  is  shown  in  Fig.  4.  For  this 
measurement  the  isolator  was  removed  and  the  fiber  output  end 
index  matched  with  index  matching  gel.  Up  to  24  mW  at  1.06  pm 
output  was  obtained  for  a  pump  input  to  the  Nd  fiber  of  ~230  mW  at 
0.81  pm.  No  lasing  threshold  was  observed  up  to  the  maximum 
pump  power  available.  Also  shown  in  Fig.  4  for  comparison  is  the 
output  of  an  8m  length  of  Nd  doped  fiber  where  the  Sm  fiber  is 
replaced  by  a  dichroic  mirror,  and  lens  coupling  of  the  diode  array  is 
employed.  The  pump  input  end  of  the  Nd  fiber  had  a  facet 
reflectivity  of  0.0027  and  the  fiber  output  end  was  index  matched 
with  index  matching  gel.  In  this  case  Rayleigh  scattering  in  the  fiber 
and  the  finite  fiber  rear  facet  reflectivity  combined  to  give  a  lasing 
threshold  near  160  mW  of  pump. 

In  contrast  the  reflectivity  of  the  Nd-Sm  interface  is  estimated 
to  be  less  then  10"^  for  a  core  index  difference  between  the  Nd 
doped  and  Sm  doped  fibers  of  <  3.10’^.  Thus  considering  both  the 
interface  reflection  and  the  attenuation  of  the  back  reflected  signal, 
an  isolation  of  >  60  dB  can  be  achieved.  However  as  shown  in  Fig.  4 
the  rear  facet  reflectivity  of  the  8  m  length  without  the  Sm  fiber 
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does  increase  the  efficiency  of  the  forward  going  superfluorescent 
emission  compared  to  the  20  m  length  with  the  Sm  fiber.  The 
advantage  of  the  less  efficient  case  with  the  Sm  fiber  is  that 
maximum  power  can  be  extracted  without  having  to  operate  in  the 
spectrally  unstable  region  close  to  lasing  threshold. 

By  utilizing  a  wavelength  dependent  absorption  in  a  Sm  doped 
fiber  we  have  constructed  an  integrated  superfluorescent  source  at 
1.06  pm.  When  this  source  is  spliced  to  a  fiber  coupled  1.06  pm 
isolator,  all  requirements  are  satisfied  for  a  forward-pumped,  fully 
integrated  fiber  superfluorescent  source  that  exhibits  high  output 
power  (up  to  10  mW  into  the  gyro)  without  lasing.  We  expect  this 
source  to  provide  vastly  superior  wavelength  stability  and  lifetime 
then  the  previously  used  SLD’s,  for  fiber  gyroscope  applications. 
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CORE:  SiOj :  Al,  DOPANT 
MULTIMODE  CORE:  SiOj 


HARD  POLYMER 


LOW  INDEX  POLYMER 


Fig.  1  Fiber  geometry.  Inner  core  dopant  is  either  Sm  or  Nd. 
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SAMAMUM-OOMO  Al^  -  910]  nWFONM 


Fig.  2  Sm  prefonn  spectral  absorption. 


LJ  Q  /  Q  X  Q 

1.6  m  20  m 

0.8 1  ^m  Sm  Doped  Nd  Doped  1 .06  pm 

Diode  Array  Fiber  Active  Fiber  Isolator 

Fig.  3  All-Hber  source  configuration. 


0  50  100  150  200  250 

0.8um  PUMP  POWER  (mW) 

Fig.  4  Nd  fiber  output  power  vs.  pump  power  for  20 
Nd/1.6  m  Sm  source  and  for  8  m  Nd  source. 
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Interferometric  Heterodyne  Sensing 
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1-5- J  Tenjin-cho,  Kiryu,  Gunna,  Japan 
Abstract 

The  principle,  advantages,  related  optical  and  electronic  devices, 
applications  to  fiber  sensors  smd  aeasureaent  error  sources  of  interferoaetric 
heterodyne  sensing  are  described. 

I .  Introduction 

Optical  heterodyne  interferoaetry  is  an  optical  beat  or  in  aore  general 
optical  frequency  aodulation  interferoaetry.  Heterodyne  interferoaetry  can 
aeasure  every  paraaeter  of  an  optical  wave,  i.e.,  phase,  frequency,  aaplitude 
and  polarization  through  the  frequency-downed  replica  of  the  original  wave.  The 
aost  concern  of  heterodyne  interferoaetery  is,  however,  the  application  to 
optical  phase  and  frequency  detection.  In  the  application,  heterodyne 
interferoaetry  offers  several  advantages  over  the  conventional  interferoaetry 
relying  on  the  direct  detection  of  interference  intensity  as  follows: 

(1)  real  tiae  detection 

(2)  constant  and  linear  scale  factor  detection 

(3)  no  signal  fading 

(4)  wide  aeasureaent  range 

(5)  detectability  of  sense 

(6)  applicability  of  differential  scheae 

(7)  insensitivity  to  aaplitude  change 

The  advent  of  optical  fiber  and  iaproveaents  on  optoelectronic  devices  have 
aade  optical  heterodyne  a  very  powerful  technique  for  interferoaetry. 

II.  General  principle 

Consider  an  interferoaeter  of  Pig.l.  The  signal  light  having  an 
instantaneous  frequency  <d  .(t)  travels  through  an  optical  pathlength  Lb  while 
the  reference  light  having  w  r(t)  does  through  Lr.  Letting  A  and  B  be  the 
signal  detection  points,  the  interference  signal  at  each  point  has  the 
following  instantaneous  optical  phase: 


t+L«/c 

t+Lr/c 

<t>  A(t)  =  I  o)  -(t)dt 

-  J  O)  r(t)dt. 

(1) 

0 

0 

t 

t 

0  olt)  =  5  <i)  »(t)dt 

"  J  0)  r(t)dt, 

(2) 

0  0 

where  c  is  the  light  velocity  in  vacuua.  Detecting  the  difference  between  (1) 
and  (2)  yields 
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(3) 


t+L»/c  t+Lp/c 

A  O  (t)  =  O  A(t)  -  O  B(t)  =  5  o)  .(t)dt  -  J  o)  r(t)dt. 

t  t. 

CO  s 


Fig.l  Schematic  diagram  for  interferoaetric  heterodyne  sensing, 
in.  Types  of  interferoaetrlc  heterodyne  sensing 
(A)  Intrinsic  heterodyne  sensing 

In  this  case,  the  signal  and  reference  lights  have  different  constant 
frequencies  with  a  constant  frequency  offset  A  o) »  i.e.,  u)  •=  u)  o-t-  A  a> , 


<0  p=  <ij  o  (  o)  ailight  frequency).  Froa  (1)  and  (2), 

A(t)  =  A  0)  t  +  (i)  q(L«-Lp)/c  +  A  4t)  Ln/c,  (4) 

<I>  B(t)  =  A  (u  t,  (5) 

and  hence 

AO  “*  (i)  a(I.»"‘Lp)/c  +  A  (u  L»/c,  (6) 

%  O)  a(L«-Lr)/c  for  Aa)L«/c<|l.  (7) 


The  optical  pathlength  difference  (OPD),  L»-Lr,  is  included  in  the  beat  signal 
(6)  with  the  saae  scale  factor  as  in  the  original  optical  wave.  By  aeans  of  a 
phase  coaparator,  OPD  is  detected  (Fig.2(a)).  The  absolute  optical  pathlength 
Ls  is  also  involved  in  (6),  but  the  scale  factor  is  reduced  by  Aoj  /oj  o.  Tiae 
dependent  changes  in  OPD,  due  to,  e.g.,  Doppler  effect,  give  rise  to  successive 
changes  in  the  interference  intensity,  resulting  in  the  beat  frequency  change 
by  an  aaount  of  d[  A  O  (t)/(2  tt  )]/dt,  which  can  be  detected  by  a  spectrua 
analyser  or  up-down  counter. 

(B)  Pseudo  heterodyne  sensing 

Laser  frequency  aodulation  (FM)  in  the  presence  of  finite  OPD  leads  to 
interferograa  aodulation,  generally  generating  an  optical  beat.  The  beat 
frequency  is  related  to  the  tiae  delay  between  the  reference  and  signal  aras  of 
the  interferoaeter.  Letting  B  be  a  pathlength-balanced  point  in  Fig.l,  then 

b( t)=0 . 

(B-1)  Linear  aodulation:  o)  «(t)=:a)  r(t)=a)  o+  7  t 
Froa  (3), 
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t+La/c 

A  O  (t)  =  O  A(t)  =  5  [  <D  O  +  7  t  ]cit 

t+Lr/c 

=  [  7  (U-Lr)/c]t  +  Q(La-L.)/c[l  +  (  7  /  U)  o)(La+Lr)/2c]  (8) 

%  [  y  (La-Lp)/clt  +  OJ  a(La-l.r)/c  fOP  (  7 /(D  o)  (La  +  Lr  )/2c  <$  I  .  (9) 

The  beat  frequency  is  proportional  to  OPD,  enabling  the  neasuresent  of  OPD 
(Fig. 2(b))  [1,2].  As  shown  in  (9),  the  phase  bias  of  the  beat  signal  is  nearly 
proportional  to  OPD,  e.g.,  when  the  frequency  sweep  rate  7  is  suitably  snail. 
(B-2J  Sinusoidal  nodulation  :  u)  a(t)=  (o  r(t)=  a>  d+  cr  sin  o)  mt 

t+L«/c 

A  O  (t)  =  <P  A(t)  =  J  [  0)  a  +  a  sin  m  mtjdt 

t+Lr/c 

=  o)  o(Ls-Lr)/c+2(  a /a3m)sin[ajm(Ls-Lr)/2c]sin[(i)m{t+(Ls+Lr)/2c}] ,  (10) 

which,  if  o)  m(Ls-Lr)/2c 1 ,  is 

%  OJ  a(La-Lr)/c+[  a  (La-Lr)/clsin[  (/)  m{t+(La+Lr)/2c}]  .  (11) 

The  optical  pathlength  difference  OPD  is  involved  in  both  the  bias  and 
nodulation  conponents  of  AO  (t),  which  are  detected  fron  the  output  of  an  ac 
phase  neter  or  fron  the  spectral  analysis  of  the  high  frequency  conponents 
involved  in  the  interference  signal  of  cos  A  O  (t). 


tine  tine 

(a)  Two-frequency  (b)  Linear  frequ^cy  nodulation 

Fig. 2  Beat  signals  in  interferonetric  heterodyne  sensing  and  relation-ship 
between  interference  intensity  I  and  optical  path  difference  OPD. 

IV.  Devices  for  interferoaetric  heterodyne  sero’-ng 
('JJ  Light  sources 

Axial  and  transverse  Zeeaan  HeNe  lasers  at  633nB  enit  orthogonally  polarized 
circular  and  linear  polarization  lights,  respectively.  The  lasing  frequency 
can  be  stabilized  by  a  suitable  feedback  scheme  [3].  Such  lasers  are  now 
commercially  available  but  can  be  home  made  by  a  simple  modification  of 
internal  mirror  HeNe  lasers.  The  lasing  frequency  of  laser  diodes  can  be 
modulated  by  changing  the  injection  current.  Wide  tuning  without  mode  hopping 
is  achieved  by  sweeping  the  cavity  length  of  an  external  mirror  coupled  to  a 
laser  diode  [4]  or  with  distributed  feedback  (DFB)  or  c leaved-coupled-cavity 
(C®)  laser  diodes  [5].  Two-frequency  operation  of  laser  diodes  is  investigated  [6] . 
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Cw  dye  lasers  are  capable  of  wide  range  frequency  tuning. 

(2)  Frequency  modulators 

Acousto-optic  modulators  using  bulk  Bragg  cells  are  very  coiuon  frequency 
shifters.  The  frequency  converter  from  an  ordinary  to  orthogonal-polarization 
two-frequency  laser  light  is  now  commercially  available.  Electro-optic 
frequency  shifters  using  LiNbOa  integrated  optic  waveguides  have  been  developed 
[7,8].  PZT  is  often  used  for  the  phase  modulation  of  single  mode  fiber.  Old 

methods  using  rotating  gratings  or  wavelength  plates  can  be  also  applied. 

(3)  Transmitters 

Both  fiberoptic  and  free  space  propagation  of  light  are  employed  for 
interferometric  heterodyne  sensing.  For  the  remote  flexible  propagation  of 
orthogonal-polarization  two-frequency  light,  polarization  maintaining  single 

mode  fiber  (PMF)  is  often  used. 

(4)  Detection  electronics 

The  relevant  electronics  involve  phase  comparators,  bandpass  filters,  gating 
and  sampling  circuits,  double  balanced  mixers,  frequency  counters,  spectrum 
analyzers,  micro  computers  and  so  on.  Analog  schemes  based  on  the  rectification 
method  or  digital  schemes  based  on  the  clock  pulse  method  are  usually  used. 

V.  Interferometric  heterodyne  fiber  sensors 

Many  quantities  are  measured  by  using  intrinsic  or  pseudo  heterodyne 
interferometric  fiber  sensors  (Table  l).The  measurands  reported  so  far  involve' 

Table  1.  Applications  of  interferometric  heterodyne  sensing  to  optical 
fiber  sensors  appeared  in  literatures.  SMF,  single  mode  fiber;  PMF, 
polarization  maintaining  fiber. 


Measurand 

Sensor  principle 

Two- frequency 

FM 

Elongation  of  SMF 

[9] 

Temperature 

Retardation  of  PMF 

[10] 

[11] 

Birefringence  of  crystal 

[12] 

Sound 

Elongation  of  SMF 

[13,14] 

Force 

(pressure, 

strain) 

Elongation  of  SMF 

Retardation  of  SMF 

[16] 

[15] 

Retardation  of  W!F 

[17] 

[18] 

Photoelastic  effect  of  solid 

[12] 

Displacement 

Phase  shift 

[19,20] 

Doppler  effect 

[21] 

Distance 

Time  delay 

[5] 

Gyro 

Sagnac  effect 

[17,22,23] 

[24] 

Velocity 

Doppler  effect 

[8,25] 

Magnetic 

field 

Faraday  effect  of  solid 

[12,26] 

Current 

Faraday  effect  of  SMF 

[27] 

[28] 

Voltage 

Pockels  effect  of  crystal 

[12] 

Thickness 

Ellipsometry 

[29] 

Sensor 

' 

multiplexing 

[30-34] 
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Phase  change  4>_  (deg) 


temperature,  sound,  strain,  pressure,  rotation  (gyro) , displacement,  distance, 
velocity,  magnetic  field,  current,  voltage  and  film  thickness.  The 
two-frequency  heterodyne  scheme  is  mostly  used  for  the  measurement  of 
incremental  values  of  phase  or  retardation  .  On  the  other  hand,  the  FM 
heterodyne  scheme  is  mostly  used  for  the  measurement  of  absolute  values  of  them 
and  also  for  sensor  multiplexing  and  distributed  sensing.  Optical  fiber  is  used 
for  a  sensor  itself  or  an  optical  transmission  line  connecting  between 
appropriate  sensors  and  light  sources  or  detectors.  In  the  latter  use  in 
particular,  the  combination  of  transverse  Zeeman  lasers  and  PMF  offers  a  very 
practical  heterodyne  sensing  scheme,  in  which,  with  a  simple  differential 
scheme,  stable  and  precise  measurements  of  phase  or  retardation  can  be  achieved 
even  in  unstable  environments  (Fig. 3) [35]. 


300kHi 


(a)  Sensing  scheme 


DC  magnetic  field  H  (Oe) 


AC  magnetic  field  Hp_p  (Oe) 


(b)  Measured  results 


Fig. 3.  Differential  heterodyne  fiber  sensing  using  retardation  changes. 

The  phase  meter  output  is  stable  against  the  fluctuations  of  laser  beam 
position,  surrounding  air  turbulence  and  variations  of  fiber  coupling  and 
laser  power  levels.  2N:number  of  internal  reflections  within  cell. 

VI.  Considerations  on  measurement  errors 
(1)  Amplitude  modulation 

In  phase  detection,  at  least  one  full  period  of  beat  signal  is  necessary  for 
signal  processing,  limiting  the  measurement  speed.  The  light  power  change 
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during  the  period  leads  to  phase  measurement  errors.  For  example,  in  the  FM 
heterodyne  methods  using  usual  Fabry-Perot  type  laser  diodes,  the  output  power 
change  is  accompanied  by  frequency  sweep.  In  order  to  decrease  the  measurement 
error,  the  intensity  change  has  to  be  compensated  by  a  suitable  method,  e.g., 
by  analog  dividing.  Wide  tuning  without  output  power  change  is  achieved  with  C® 
lasers[5] . 

(2)  Two- frequency  crosstalk 

If  there  is  some  crosstalk  between  two  frequency  components,  additional  beat 
signals  are  generated,  leading  to  measurement  errors,  e.g.,  giving  rise  to  a 
nonlinear  relationship  between  real  and  output  phase  signals  [36].  The 
crosstalk  occurring  at  transverse  Zeeman  lasers  are  diminished  by  the  precise 
alignment  of  applied  magnetic  fields  and  phase  anisotropy  axes  involved  in 
laser  mirrors  [37].  Some  crosstalk  occurs  at  optical  coupling  from  a  transverse 
Zeeman  laser  to  PMF  if  there  is  an  angular  mismatch  between  their  polarization 
axes.  The  first  order  crosstalk  error  due  to  it,  however,  can  be  eliminated  by 

setting  a  frequency-mixing  polarizer  at  a  suitable  azimuth  [36,38]. 

(3)  Frequency  instability 

In  heterodyne  sensing,  different  laser  frequencies  travel  optical  paths  of 
finite  length  so  that  a  frequency  instability  involved  causes  phase  measurement 
errors.  In  order  to  decrease  the  measurement  errors,  high  stabilization  of  both 
the  beat  and  laser  frequencies  is  required.  In  the  two-frequency  heterodyne 
scheme,  optical  pathlength  balancing  is  very  effective  for  reducing  such 
measurement  errors,  as  discussed  in  [19].  Obviously,  with  poor  coherence  lasers, 
the  modulation  depth  of  beat  signal  becomes  low  and  the  phase  detection  error 

becomes  considerable. 

Vn.  Concluding  Remarks 

Interferometric  heterodyne  sensing  has  been  much  investigated,  in  fiberoptic 
as  well  as  free  space  optical  sensors,  because  of  its  capability  of  the  precise, 
stable,  large  dynamic  range  and  linear  scale  measurements  of  optical  phase  and 
frequency.  For  the  industrial  practical  uses  of  the  sensing  technology,  cost 
down  S?:  well  as  performance  improvements  of  related  optoelectronic  devices  is 
desirable. 
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W3.2  Noise-Resistant  Signai  Processing  For  Eiectronicaiiy 

Scanned  White-Light  Interferometry 

R.  Dandliker,  E.  Zimmermann  and  G.  Fiosio 
Institute  of  Microtechnology,  University  of  Neuchatel 
Breguet  2,  CH-2000  Neuchatel,  Switzerland,  +41-38-20  51  21 

Fiber  optic  sensors  using  white-light  interferometry  have  been  developed,  among  others, 
as  absolute  displacement  sensors^  as  strain  or  temperamre  sensors^.  The  main  advantage  of 
white-light  interferometry,  which  uses  broad  band  light  sources  with  short  coherence  lengths 
rather  than  monochromatic  sources,  is  the  possibility  to  make  absolute  measurements.  In  the 
same  manner,  a  broad  band  source  allows  to  measure  the  absolute  force  from  the  induced  bire¬ 
fringence  in  an  optical  fiber  (Fig.  1).  Scanning  the  interferogram  in  space,  rather  than  in  time, 
by  a  linear  photodiode  array  (electronically-scanned  interferometer)  avoids  moving  parts  and 
increases  the  mechanical  stability  of  the  system.  In  this  paper,  we  present  a  new  signal 
processing  method  for  white-light  interferometry  which  is  fast,  accurate,  and  extremely  noise 
resistant  Theoretical  results  for  the  expected  systematic  and  statistical  errors  will  be  compared 
with  experimental  results. 

The  goal  of  the  signal  processing  is  to  detomine  the  center  position  Xg  of  the  white-light 
fringe  signal  shown  in  Fig.  2.  This  is  achieved  in  two  steps.  First,  by  calculating  the  center  of 
gravity  of  the  signal  power  to  better  than  half  a  fringe  period.  Second,  calculating  the  phase 
O  of  the  fringes,  when  their  position  is  known  to  better  tiian  half  a  fringe  period  from  the  first 
step.  The  signal  H(x)  is  sampled  at  the  positions  Xn  =  n*b,  where  n  is  an  integer  with  -N/2  ^  n 
<  N/2  and  b  is  the  center-to-center  spacing  of  the  photodiode  array.  The  envelope  of  H(x)  is 
given  by  the  modulus  of  the  coherence  function.  We  calculate  the  total  power  A  of  the  ac-part 
Hac  of  the  signal,  its  first  moment  B  with  resp^t  to  the  origin  xqi  =  0,  and  the  center  of  gravity 
Xsi  of  the  fringe  signal  by 

A  =  S[Hac(xn)]^  B  =  X  n  [Hac(xn)]^  Xsi=B/A.  (1) 

n  n 

Without  noise  one  gets  for  the  center  position  exactly  Xgi  =  Xg,  where  Xgi  and  Xg  are  in  general 
fractional  values  of  the  sample  positions.  In  the  presence  of  noise  Xgi  gets  a  systematic  and  a 
statistical  error.  To  calculate  these  errors,  the  signal  is  written  as  H(x)  =  s(x)  +  g(x,o),  where 
s(x)  is  the  fringe  signal  without  noise  and  g(x,<T)  is  a  Gaussian  noise  with  variance  <fl.  The 
systematic  error  Axg  between  the  calculated  value  Xgi  and  the  real  value  Xg  of  the  center  of 
gravity  is  found  to  be  approximately 

Axg  =  xgi  -  Xg  =  -  (N+1)-^  •  Xg,  (2) 

where  Af  is  the  total  power  of  the  ac  signal  without  noise.  For  the  statistical  error  5xg,  we  find 
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Af+(N+1)CT2  ^  24  Akf  AfJ 


where  Cfo  is  the  second  moment  of  the  ac  signal  power  for  Xs  =  0.  Note  that  Af  and  Cfo  depend 
only  on  the  fringe  signal  and  can  be  calculated  for  any  particular  shape  of  the  envelope.  For 
further  calculations  we  have  assumed  a  fringe  signal  with  Gaussian  envelope  (Fig.  2),  namely 

Ax2  J  [a 

with  0  =  -  2jots/A,  and  where  fo  is  the  dc-part  of  the  signal,  m  is  the  visibility  and  A  the  period 
of  the  fringes.  Ax  is  the  width  and  Xs  the  center  position  of  the  Gaussian  envelope. 

Equations  (2)  and  (3)  show,  that  for  X5  =  0  the  systematic  error  Axg  vanishes  and  the 
statistical  error  Sxs  becomes  minimum.  Therefore  the  accuracy  can  be  improved  by  iteration. 
First,  we  calculate  the  center  position  xsi  of  the  signal  as  described  above.  Second,  we  take  as 
new  origin  the  sample  position  X02  next  to  the  calculated  xsi.  Thus,  the  new  center  position  Xs2 
is  close  to  zero.  This  procedure  reduces  both  the  systematic  and  the  statistical  error.  The 
statistical  error  6xs  can  further  be  reduced  by  limiting  the  number  of  samples  (N+1)  around  the 
new  origin  xo2,  however,  the  number  of  samples  must  be  large  enough  to  cover  the  whole 
range  where  the  fringes  are  visible.  Once  the  error  for  the  center  of  gravity  is  smaller  than  half  a 
fringe  period  A,  the  phase  O  can  be  determined  without  ambiguity. 

For  the  practical  implementation  we  have  introduced  an  optimum  sampling  concept, 
which  is  based  on  synchronous  sampling  using  four  samples  per  fringe  period,  i.e.  b  «  A/4. 
Two  local  values  are  calculated  per  period,  namely 

Sn  =  ^(Sn_i  — Sn+i)  and  Cn  =  ^  {  Sn  —  (Sn+2  +  Sn-2)  }  •  (5) 

The  local  power  of  the  ac  signal  is  then  given  by  Fn^  =  Cn^  +  Sn^  and  Fn  is  a  good  approxi¬ 
mation  for  the  local  value  of  the  envelope.  Using  Fn  in  Eq.  (1)  instead  of  Hac(xn)  to  calculate 
the  center  position  Xsi,  the  systematic  error  given  in  Eq.  (2)  is  even  reduced  by  a  factor  of  7/16. 
The  phase  <C>  of  the  fringe  signal  is  determined  with  the  help  of  the  complex  value  Cn  +  i  Sn  = 
Fn  exp{i  n  7t/2}  exp{i  On),  from  which  the  local  phase  On  is  obtained  through 

<I>n  =  arg{(-i)"(Cn  +  iSn)}  •  (6) 

Now,  the  phase  O  is  calculated  as  the  average  of  the  On  over  as  many  periods  as  possible  with 
a  reasonable  SNR.  The  center  position  of  the  fringes  expressed  in  pixels  is  then  x^  =  -  20/7C, 
since  4  pixels  are  equal  to  one  fringe.  This  concept  has  been  tested  successfully  by  computer 
simulations. 

For  the  experimental  verification  of  this  new  signal  processing  method  for  white-light 
fringes  applied  to  absolute  force  measurement  fixim  the  induced  birefringence  in  an  optical  fiber 


s(x)  =  fo(x)  +  f(x)  =  fo(x)  +  m-exp 
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(Fig.  1),  we  have  replaced  the  optical  fiber  by  a  Soleil-Babinet  compensator  (SBC).  The  broad¬ 
band  source  is  a  LED  emitting  at  A.  =  880  nm  with  a  spectral  bandwidth  AX  of  about  50  nm. 
The  linearly  polarized  light  is  oriented  at  45*  with  respect  to  the  birefringence  axes  of  the  SBC. 
Therefore,  two  linear  polarizations  shifted  in  phase  are  obtained  at  the  output  The  beam  is  then 
enlarged  to  fill  the  whole  aperture  of  the  Wollaston  prism  (W).  The  retardation  of  the  Wollaston 
varies  linearly  across  its  section.  This  causes  the  relative  phase  between  the  two  orthogonal 
polarizations  to  change  linearly  across  the  beam  section.  Interference  between  this  two 
polarizations  is  then  obtained  by  a  dichroic  sheet  polarizer  (DSP)  directly  placed  against  the 
Wollaston  output  face.  The  transmitting  axis  of  the  DSP  are  oriented  at  45*  with  respect  to  both 
polarizations  to  maximize  the  fiinge  contrast  The  detector  was  a  linear  photodiode  array  of  512 
pixels  with  a  center-to-center  spacing  of  25  |xm  and  a  line  scan  time  of  30  ms.  The  Wollaston 
prism  was  designed  to  produce  fringes  of  about  100  |im  separation.  Therefore  synchronous 
sampling  with  4  pixels  per  period  was  obtained  by  the  lens  L2  for  1:1  imaging.  By  adjusting  the 
distance  between  the  lens  L2  and  the  detected  the  imaging  can  be  exactly  adjusted,  however,  the 
results  showed  that  this  adjustment  is  not  critical.  The  width  of  the  envelope  of  the  fringe  signal 
was  equal  to  about  15  fringes,  which  corresponds  to  Ax  =  35  pixels  in  Eq.  (4).  Figure  3  shows 
the  relative  systematic  error  Axs/xs  and  the  statistical  error  8x5  (for  Xg  =  0  and  N  =  160)  as  a 
function  of  the  signal-to-noise  ratio  SNR  =  m?/a^. 

The  experimental  results  for  the  calculated  centw  of  gravity  Xs2  (after  one  iteration)  versus 
the  Soleil-Babinet  retardation  are  shown  in  Fig.  4.  The  statistical  reproducibility  was  measured 
to  be  8xs2  »  10“3  pixels,  which  corresponds  to  a  SNR  of  about  63  dB  (Fig.  3).  The  observed 
oscillation  of  about  1/10  of  a  fringe  around  the  linear  fit  has  a  periodicity  of  Ik  and  was 
reproducible,  but  the  cause  could  not  be  found  yet.  The  experimental  results  for  the  calculated 
phase  0,  expressed  in  numbers  of  pixels  xo,  are  shown  in  Fig.  5.  The  linearity  is  nearly 
perfect  and  the  statistical  reproducibility  was  about  10^  pixels.  The  accuracy  was  measured  for 
different  SNRs.  The  results  are  shown  in  the  Table  below. 


SNR  [dB] 

63 

51 

43 

31 

center  of  gravity 

5xs2  [pixel] 

0.005 

0.016 

0.04 

0.18 

5xs2  [fringe] 

1/800 

1/250 

1/100 

1/20 

phase  (zero  fringe) 

5x<i>  [pixel] 

0.0003 

0.0006 

0.0008 

0.004 

Sxo  [fringe] 

1/10000 

1/6500 

1/5000 

1/1000 

A  signal  processing  method  for  white-light  fringes,  based  on  the  calculation  of  the  center 
of  gravity  of  the  average  fringe  power,  has  been  presented.  In  addition,  an  optimum  sampling 
concept  has  been  developed,  which  is  based  on  synchronous  sampling  with  four  samples  per 
fringe  period.  This  concept  is  particularly  adequate  for  white-light  fringes  scanned  by  linear 
array  detectors.  The  theoretical  analysis  and  the  experimental  results  show,  that  the  proposed 
method  is  simple  to  operate,  fast,  accurate  and  extremely  noise  resistant.  The  method  will  be 
applied  to  measure  the  absolute  force  from  the  induced  birefringence  in  an  optical  fiber. 
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Fig.  1 :  Optical  fiber  sensor  measuring  the  absolute  force  from  the  induced  birefringence. 
LI  and  L2:  lenses;  W:  Wollaston  prism;  DSP:  dichroic  ^eet  polarizer. 


no.  of  pixel  SNR  [  dB  ] 


Fig.  2:  White-light  fringe  signal  for  Xs  =  10,  Fig.  3:  Accuracy  vs.  SNR  (Ax  =  35), 

Ax  =  35,  and  SNR  =  35  dB.  (a)  systematic  error  for  N  =  360, 

(b)  statistical  error  for  N  =  160. 


Soleil-Babinet  retardation  [rad]  Soleil-Babinet  retardation  [rad] 

Fig.4:  Center  of  gravity  Xs2  (one  iteration)  Fig.  5:  Zero  fringe  position  xo  (phase)  vs. 
vs.  SBC  retardation  (SNR  =  63  dB).  SBC  retardation  (SNR  =  63  dB). 
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Statistical  error  5x,  (x.=0)  [nb.  of  pixels] 
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Abstract 

This  paper  describes  a  fiber  optic  system  using  white  light  interferometry  to 
measure  the  refractive  index  of  air  with  an  accuracy  of  10*^.  This  system  will  be  used  to 
improve  the  precision  of  a  sub-micron  iinear  positioning  stage  controiied  with  a  coherent 
interferometer. 


Introduction 

White  light  interferometry  is  known  as  a  very  accurate  technique  for  the  remote 
measurement  of  physical  measurands  modifying  the  opticai  path  of  an  interferometer  [1].  In 
particular,  we  have  previously  developed  a  system  for  pressure  sensing  [2,3]  and  various 
publications  have  described  the  measurement  of  temperature  [4],  displacement  [5]  and  fluid 
refractive  index  [6]. 

All  these  systems  use  two  interferometers  :  a  first  sensing  interferometer  which 
produces  a  channelled  spectrum  with  a  periodicity  that  is  proportional  to  the  inverse  of  the 
optical  path  unbalance.  This  encoded  spectrum  is  transmitted  through  a  multimode  fiber  to  a 
second  readout  interferometer  that  has  an  ajustabie  path  unbalance.  If  the  path  unbalance  of 
the  readout  interferometer  is  matched  to  the  one  of  the  sensing  interferometer,  a  maximum 
of  interference  contrast  is  restored  enabling  to  retrieve  the  corresponding  vaiue  of  the 
physicai  measurand. 

We  present  a  new  system  to  measure  the  refractive  index  of  air.  it  will  be  associated 
with  a  sub-micron  linear  positioning  stage  controiied  with  a  coherent  interferometer  and 
currently  developed  by  the  University  of  Compidgne  (France).  The  accuracy  of  such  a 
positioning  stage  is  actually  limited  by  the  change  of  the  refractive  index  of  air,  which 
modifies  the  wavelength  of  the  laser  used  in  the  coherent  interferometer.  This  index  change 
is  a  function  of  air  pressure,  temperature,  humidity  and  gas  composition. 

According  to  the  formulas  given  by  B.  Edten  [7]  for  the  refractivity  of  standard  air 
and  taking  into  account  the  usual  variations  of  atmospheric  parameters,  the  air  index  has  a 
mean  value  n  «  1  +  2.67  1 0*^  and  its  variation  range  is  assumed  to  be  An  «  ±  2.5  1 0'®. 
The  required  accuracy  (dn)  needed  to  achieve  a  measurement  error  of  ±  0.1  pm  over  a  one 
meter  long  mechanical  piece  is  dn  -  10'^. 


Description  of  the  device 

As  shown  in  Fig  1 .  this  measurement  system  is  composed  of  a  sensing  interferometer 
connected  by  two  multimode  fibers  to  an  opto-electronic  module  which  includes  a  light 
source,  a  readout  interferometer,  a  CCD  array  and  a  microprocessor  unit. 
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emitting  fiber 


receiving  fiber 


sensing  interferometer 


Figure  1  :  Schematic  set-up  of  the  system 

The  sensing  interferometer  is  a  Fizeau  interferometer  made  of  two  paraiiel  and 
partiaiiy  reflective  piates  and  two  spacers  which  ensure  a  constant  distance  Li  -  40  mm. 
The  coiiimated  incident  beam  is  spiit  into  two  transmitted  and  reflected  beams  which 
interfere  and  generate  the  channeied  spectrum.  The  reflection  coefficient  of  the  partiaiiy 
reflective  plates  is  about  40%  to  obtain  a  trade  off  between  the  low  reflectance  of  a  usual 
air-glass  reflexion  in  a  Fizeau  interferometer  and  the  multiple  beam  interference  in  a 
Fabry-Perot  interferometer.  The  optical  path  unbalance  A,  equal  to  2  n  Li ,  is  a  function  of 
the  refractive  index  of  air.  Therefore,  a  significant  geometrical  unbalance  2  Li  is  needed  in 
order  to  achieve  the  required  accuracy  for  the  measurement  of  the  index  :  anticipating  a 
sensitivity  of  dA  -  X/100,  we  designed  a  sensing  interferometer  with  2  Li  -  80  mm  (i.e. 

about  10^  X  at  0.85  pm)  to  be  able  to  detect  index  variation  of  10’^.  The  mechanical 
arrangement  of  the  Fizeau  interferometer  must  ensure  a  great  stability  of  the  geometrical 
length  between  both  plates  (i.e.  better  than  4  nm)  not  to  mask  the  variations  of  air  index.  All 
the  optical  components  are  made  of  zerodur  and  the  semi-reflective  plates  have  been 
contacted  on  the  spacers.  In  this  application,  the  Fizeau  interferometer  is  used  in  a 
transmission  set-up.  Two  100-140  optical  fibers  are  used  to  bring  the  light  from  the  light 
source  (emitting  fiber)  and  to  send  it  back  to  the  readout  interferometer  (receiving  fiber). 
An  achromatic  doublet  collimates  the  beam  delivered  by  the  emitting  fiber  and  a  second  one 
refocuses  it  on  the  receiving  fiber. 

The  opto-electronic  module  is  composed  of  the  other  components  of  the  system.  A  LED 
solid  state  source  emitting  at  a  wavelength  X  «  0.85  pm  is  connected  to  the  emitting  fiber. 
For  readout,  we  use  the  technique  of  the  tilted  Fizeau  interferometer  that  we  have 
successfully  developed  for  pressure  sensor  [2,3].  It  consists  of  a  wedge  with  two  partially 
reflective  plates  (the  reflection  coefficients  are  also  40%)  contacted  at  each  extremity  of  a 
prismatic  spacer,  each  component  being  made  of  zerodur.  This  device  is  placed  in  a  vacuum 
enclosure  to  eliminate  the  air  dependence.  After  passing  through  the  sensing  interferometer, 
the  beam  carrying  the  channelled  spectrum  is  delivered  by  the  receiving  fiber  and  coiiimated 
by  an  achromatic  doublet.  It  produces  in  the  readout  interferometer  a  spatial  fringe  pattern 
which  can  be  analyzed  with  a  linear  CCD  array.  An  additional  cylindrical  lens  increases  the 
amount  of  collected  light.  The  fringe  pattern  is  localized  where  the  path  unbalance  of  the 
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readout  interferometer  (a  »  2  L2,  L2  being  the  variable  geometrical  length  between  both 
tilted  plates)  is  equal  to  the  one  of  the  sensing  interferometer : 

A  2  L2  =  2  n  Li 

In  practice,  since  there  is  a  difference  between  the  mean  air  index  and  the  vacuum  index,  the 
average  separation  between  both  tilted  plates  has  to  be  taken  1 1  pm  longer  than  the  one  of 
the  sensing  interferometer  (i.e.  40.011  mm).  The  path  unbalance  corresponding  to  the  full 
width  of  the  spatial  fringe  pattern  on  the  CCD  array  is  about  equal  to  15  fringes  (15  X).  It 
depends  on  the  coherence  length  of  the  light  source.  Its  displacement  due  to  air  index 
variations  is  ±  2.5  fringes  (2  An  Li  =  ±  2.5  X).  The  useful  path  unbalance  range  is  thus  20 
fringes  (1 5  X  -1-  2  x  2.5  X)  corresponding  to  a  geometrical  length  variation  of  8.5  pm  in  the 
tilted  Fizeau  interferometer.  The  wedge  angle  has  been  chosen  equal  to  1  mrad  to  get  a 
sampling  of  35  pixels  per  fringe  and  the  video  signal  is  then  processed  by  the  single-board 
68010  microprocessor  unit.  The  data  measurement  may  be  simply  expressed  in  CCD  pixels 
or  converted  in  refractive  index  of  air  by  calibration.  It  is  displayed  on  an  alphanumeric  LCD 
and  can  be  sent  to  the  process  controller  through  a  RS232  interface. 


Experimental  results 

Fig.  2  is  a  photograph  of  the  video  signal  delivered  by  the  CCD  array.  It  is  composed  of 
a  fringe  pattern  modulating  the  coherence  function  of  the  light  source  (Fourier  transform  of 
its  centered  spectrum).  The  contrast  of  fringes  (ratio  between  the  fringe  amplitude  and  the 
light  background)  is  about  25%  (the  dark  level  is  given  by  the  extreme  top  pixels).  Notice 
that  the  central  fringe  of  the  pattern  is  not  as  it  could  be  expected  a  white  fringe  (two 
interferometnrs  used  in  transmission)  but  a  black  fringe.  It  is  due  to  the  dispersion  of  air  : 
the  fringe  position  being  given  by  the  phase  index  (n^)  and  the  coherence  function  position 
by  the  group  index  (ng) : 


(1  - 


2^^ 

n^  dX 


•)  with 


dn» 

dX 


5.3  10*®  |im*'*  around  X  ■  0.85  jim 


This  yieids  a  difference  of  about  0.5  X  between  the  path  unbalance  relative  to  the  fringe 
modulation  (A^)  and  the  one  of  the  coherence  function  envelope  (Ag) : 

dn* 

A^  -  Ag  -  2  (n^  -  ng)  Li  -  2  X  Li  »  0.43  X 


Figure  2  :  video  signal  delivered  by  the  CCD  array 
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Fig.  3  shows  the  details  of  the  central  fringe.  The  CCD  pixels  look  out  of  focus  because 
of  the  shot  noise  during  the  exposition  time  of  the  photograph.  A  root  mean  square  regression 
applied  on  this  signal  yields  a  short  term  sensitivity  of  about  dA  X/3000,  which  is 
equivalent  to  an  air  index  variation  of  3  10*^.  This  first  experimental  result  is  very 
encouraging  since  the  wanted  accuracy  is  10*^.  The  system  is  now  under  test  to  evaluate 
more  precisely  its  performance  as  a  control  measurement  for  sub-micron  positioning. 


Figure  3  :  Details  of  the  black  central  fringe 


Conclusion 

This  system  has  demonstrated  the  feasibility  of  a  high  accuracy  remote  measurement 
of  the  refractive  index  of  air  based  upon  white  light  interferometry.  It  also  shows  that  a 
tilted  Fizeau  interferometer  associated  with  a  CCD  array  gives  a  high  visibility  fringe 
pattern  enabling  a  very  accurate  positioning.  The  combination  of  a  cheap  LED  source,  a 
readout  interferometer  with  no  moving  part,  and  a  microprocessor  unit  leads  to  a  reliable 
and  user-friendly  system. 
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W3.4  Coherent  FMCW  Reflectometry  Using  A  Piezoelectrically 

Tuned  Nd:YAG  Ring  Laser 
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Hewlett-Packard  Laboratories 
3500  Deer  Creek  Road,  Palo  Alto,  California  94303 


Summary 

Coherent  optical  implementations  of  the  FMCW  technique  [1]  depend  on  the  interferometric 
mixing  of  an  optical  signal  probing  the  network  under  test  with  a  reference  signal  obtained 
Tom  the  same  source,  whose  carrier  frequency  is  linearly,  and  phase-continuously,  chirped 
2].  Limitations  on  measurement  range  may  be  reduced  by  the  choice  of  a  laser  source  of 
ong  coherence  length,  as  demonstrate  in  Ref.  3,  but  the  temperature  tuning  employed  in 
that  particular  case  is  relatively  slow  and  inconvenient.  A  more  serious  problem  is  spatial 
resolution  degradation  due  to  residual  nonlinearities  in  the  frequency  chirp,  but  this  may 
be  significantly  reduced  by  incorporating  a  reference  interferometer  in  the  mejisurement 
system  to  track  the  nonlinearity  and  compensate  for  it  [4].  This  paper  describes  a  coherent 
optical  FMCW  system  that  uses  piezoelectric  rather  than  thermal  tuning  of  a  source  of  long 
coherence  length,  in  a  fiberoptic  network  which  includes  a  reference  interferometer,  triggering 
data  capture  by  a  system  with  a  Fast  Fourier  Transform  capability. 


r 


Figure  1.  Experimental  system  for  coherent  optical  FMCW  measurements 
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The  experimental  arrangement  is  shown  in  Figure  1.  The  source  is  a  bilithic,  single- mode, 
Nd:YAG  ring  laser,  tuned  by  piezoelectrically  varying  the  gap  between  the  two  pieces  making 
up  the  laser  resonator  [5].  Typical  chirp  rates  used  are  of  the  order  of  a  few  tens  of  GHz/s. 
The  chirped  signal  is  passed  through  an  isolator  into  a  fused  fiber  coupler,  which  splits  the 
signal  into  two  portions.  One  portion  enters  the  Michelson  reference  interferometer,  shown 
in  the  upper  part  of  the  Figure.  The  output  of  this  interferometer  is  used  to  trigger  sample- 
and-hold  circuitry  at  frequency  intervals  corresponding  to  its  free  spectral  range  of  1.476 
MHz.  The  other  portion  of  the  chirped  signal  enters  the  measurement  interferometer,  also  in 
the  form  of  a  Michelson,  in  which  there  is  a  “local  oscillator”  path  (marked  LO)  to  a  mirrored 
fiber  end,  and  a  path  to  the  network  under  test  (NUT),  which  is  either  a  single  fiber,  as 
shown,  or  a  fused  fiber  coupler.  The  output  from  this  interferometer  is  sampled,  digitized, 
and  Fourier  transformed,  to  yield  a  beat  frequency  spectrum  which  is  in  fact  the  reflectometry 
signature  of  the  network  under  test.  Polarization  controllers  in  both  interferometers  are  not 
shown  in  Figure  1,  but  are  present  in  the  experimental  system. 

To  observe  Rayleigh  backscatter,  the  laser  was  chirped  through  a  frequency  span  of  ap¬ 
proximately  1.6  GHz,  and  data  was  collected  from  the  measurement  interferometer  over 
approximately  75%  of  a  single,  100  ms  sweep.  The  network  under  test  was  a  single  length  of 
fiber  with  its  end-reflection  well  suppressed.  A  typical  beat  frequency  spectrum,  the  result 
of  a  1024-pt  FFT,  is  shown  in  Figure  2. 


Figure  2.  FMCW  beat  signal  from  17  m  of  fiber  with  suppressed  end- 

reflection 

The  drop  of  10  to  15  dB  from  the  level  of  Rayleigh  backscatter  to  the  noise  floor  is  seen  to 
occur  at  about  17  m,  corresponding  to  the  end  of  the  fiber.  On  the  same  vertical  scale  shown 
in  this  Figure,  which  expresses  returned  power  relative  to  a  100%  reflection,  the  normal 
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Fresnel  reflection  from  the  fiber  tip  would  be  a  peak  about  65  dB  above  the  level  of  the 
Rayleigh  backscatter.  Experiments  showed  that  averaging  data  from  multiple  measurements 
could  reduce  the  noise  of  the  noise  floor,  which  is  due  to  laser  relative  intensity  noise,  but  had 
less  effect  on  the  fluctuation  in  the  backscatter  signal,  which  is  largely  due  to  a  combination 
of  polarization  and  coherence  speckle  noise. 

To  measure  the  limiting  two-point  resolution  of  this  measurement  system,  a  fused  fiber 
coupler  was  spliced  into  the  test  arm  of  the  measurement  interferometer,  and  the  lengths 
of  the  output  fiber  pigtails  trimmed  until  the  two  corresponding  peaks  observed  in  the  beat 
frequency  spectrum  were  just  resolved.  The  laser  was  chirped  through  approximately  6.1 
GHz  (about  half  the  maximum  possible  with  this  laser  without  a  longitudinal  mode  hop), 
at  the  same  chirp  rate  as  before,  so  4096  data  points  could  be  collected  from  a  single  400ms 
sweep.  A  magnified  view  of  the  relevant  part  of  the  measured  spectrum  is  shown  in  Figure 
3,  on  a  linear  scale. 


Distance  (m) 

Figure  3.^  FMCW  beat  signal  from  a  fiber  coupler  with  output  pigtails 

differing  in  length  by  5  cm 

Notice  that  the  individual  data  points  can  be  distinguished  in  this  plot,  and  that  the  two 
peaks  are  only  3  data  points  apart,  corresponding  to  a  fiber  length  difference  of  5  cm.  The 
absolute  minimum  separation  in  a  digitized  output  would  be  2  data  points,  and  that  would 
only  be  achievable  if  the  phase  of  the  waveform  being  Fourier  transformed  were  exactly  the 
same  at  the  first  and  Ijist  points  of  the  sampled  stream,  which  in  general  would  not  be  the 
case.  Notice  too  that  this  limiting  resolution  of  5  cm  is  achieved  at  a  the  end  of  a  fiber  length 
of  over  21  m,  and  could  be  achieved  throughout  the  measurement  range  of  33.8  m  without 
making  adjustments  to  the  experimental  system  (the  maximum  range  is  limited  to  one  half 
of  the  path  imbalance  of  the  reference  interferometer,  whereas  the  resolution  is  limited  only 
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by  the  frequency  span  of  the  chirp). 

The  experimental  system  described  in  this  paper  demonstrates  the  advantages  expected 
of  coherent  optical  FMCW  reflectometry  -  principally,  high  sensitivity  coupled  with  high 
resolution  -  in  an  implementation  that  overcomes  some  of  the  practical  drawbacks  of  previous 
approaches.  Problems  remaining  to  be  addressed  before  a  fully  practical  solution  is  achieved 
include  the  reduction  of  coherence  speckle  and  polarization  noise,  while  the  achievement  of 
much  finer  resolution  depends  on  the  development  of  optical  sources  that  can  be  chirped, 
without  mode  hopping,  over  much  larger  frequency  spans. 
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used  in  these  experiments. 
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1 .  INTRODUCTION 

Many  kinds  of  silica-based  glass  waveguide  circuits  ^  and  LiNb03 

waveguides  devices  ^  have  been  proposed.  These  devices  are  highly 
potential  for  optical  communication  systems  and  optical  sensor  systems. 
To  develop  these  waveguide  devices,  a  diagnosing  system  for  detecting 
fault  locations  and  characterizing  them  is  necessary.  The 
interferometric  optical-time-domain  ref lectometer  (OTDR)  is  promising  to 
apply  to  diagnosing  the  optical  devices,  because  of  high  spatial- 
resolution  and  high  sensitivity  compared  with  conventional  OTDR  systems. 
The  interferometric  OTDR  was  based  on  the  Michelson  interferometer  using 
a  low-coherent  light  source  The  reflectance  profile  inside  the 

optical  components  is  described  by  the  distribution  of  the 
interferometric  signal  power  between  the  reflection  light  from  the 
scattering  centers  and  the  reference  light.  The  spatial  resolution  is 
determined  by  the  coherence  length  of  the  light  source.  High  spatial 
resolution  up  20)lm  has  been  reported  in  silica-based  glass  waveguide 
circuits  using  a  superluminescent  diode  (SLD)  ^  .  The  sensitivity  was 
about  -llOdB  which  is  sufficient  for  measuring  reflection  light  from 
scattering  centers  or  boundaries.  However,  this  sensitivity  is  still 
insufficient  for  measuring  Rayleigh  scattering  light  in  the  optical 
waveguides.  This  paper  presents  the  new  interferometric  OTDR  to  detect 
the  Rayleigh  scattering  light. 

2 .  SYSTEM  STRUCTURE 

New  interferometric  OTDR  system  is  composed  of  two  interferometers  as 
shown  in  Fig.l.  One  is  a  Mach-Zehnder  (MZ)  type  interferometer  composed 
of  an  SLD  and  two  PANDA  type  polarization-maintaining  fiber  couplers 
(PANDA  couplers)  ^  for  measuring  reflectance  profiles.  The  other  is  a 
Michelson  (M)  type  interferometer  composed  of  a  distribution-feed-back 
laser-diode  (DFB-LD)  and  a  PANDA  coupler  for  monitoring  mirror 
translation.  The  output  form  the  Michelson  interferometer  is  used  as  a 
reference  signal  to  the  lock-in  amplifier.  The  SLD  has  an  output  power 
of  14mW  at  150mA  injected  current  and  a  40nm  spectral  band  width  at  a 
center  wavelength  of  1.295p.m.  In  the  MZ  interferometer,  linearly 
polarized  light  from  the  SLD  is  divided  by  coupleri  and  transmitted  into 
the  sample  and  the  optical  delay  line.  The  delayed  light  and  the 
reflected  light  from  the  sample  are  combined  by  coupler2  and  detected 
with  a  balanced  photodetector  The  balanced  detector  eliminates  the 
intensity  noise  of  the  light  source  and  doubles  the  interference  signals 
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whose  phases  are  opposite  between  the  two  combined  outputs.  The 
reflected  light  is  transmitted  through  a  fiber  wound  around  a 
cylindrical  piezo-electric  transducer  (PZTi)  sinusoidally  operated  with 
fp=10kHz  frequency  and  phase-modulated.  The  reference  light  is 

frequency-shifted  by  fci=2v/X=15Hz  with  a  Doppler  effect  produced  by  the 
mirror  translation  of  v=10|lm/s,  where  X  is  the  center  wavelength  of  the 
SLD .  The  interferometric  signal  power  of  f=fp+fci  frequency  is  measured 
by  the  lock-in  amplifier  with  a  narrow  band  width  of  3Hz. 

In  the  M  interferometer  a  precise  f=fp+fd  frequency  reference  signal 
is  produced  in  spite  of  the  fluctuation  induced  in  the  mirror 
translation  speed.  The  center  wavelength  of  the  DFB-LD  is  almost  the 
same  as  that  of  the  SLD  and  is  X=1.302)j,m.  The  DFB-LD  light  is  divided 
into  light  reflected  by  the  back  of  the  mirror  in  the  MZ  interferometer 
and  reference  light  reflected  by  another  mirror  butted  to  the  fiber  end 
face.  The  light  reflected  by  the  translated  mirror  is  frequency-shifted 
by  fd  and  the  reference  light  is  phase-modulated  with  fp  frequency  by 
PZT2  operated  by  the  oscillator  used  in  the  MZ  interferometer.  The  fp+fd 
frequency  signal  filtered  from  the  fp±fd  frequency  signal  is  used  as  the 
reference  signal  for  the  lock-in  amplifier. 

3 .  DETECTABLE  LIMIT 

To  investigate  the  detectable  limit,  a  reflectance  profile  was 
measured  at  the  end  face  of  the  PANDA  fiber  without  a  sample  as  shown  in 
Fig. 2.  The  fiber  was  immersed  in  1 . 458-ref ractive  index  liquid  to  reduce 
the  return  power  from  the  fiber  end  face  and  the  ghost  peaks.  The 
horizontal  axis  is  the  mirror  position  in  free  space  and  the  position  of 
the  fiber  end  face  is  set  at  0.  The  vertical  axis  is  return  power  shown 
in  log  scale,  calibrated  so  as  to  be  -14.6dB  by  the  return  power  of  the 
fiber  end  face  in  free  space.  The  return  power  of  the  fiber  end  face  in 
the  liquid  is  -60.7dB.  The  half  band  width  of  the  signal  corresponds  to 
a  spatial  resolution  of  20fi.m,  The  detectable  limit  is  -130dB  by 
averaging  the  return  power  from  the  refractive  index  liquid. 

4 .  BACKSCATTERIN6  IN  SINGLE  MODE  FIBERS 

A  distinct  difference  between  the  return  power  inside  and  outside  the 
fiber  was  observed  as  shown  in  Fig. 2.  The  peak  in  the  fiber  is  discrete 
and  the  mean  peak  level  is  -118dB.  Assuming  that  the  Rayleigh  scattering 
is  isotropic  and  uniform,  the  return  power  R  of  the  Rayleigh  scattering 

over  the  length  of  the  spatial  resolution  dl  is  expressed  as  R=Sadl, 

where  S  is  the  recapturing  factor  and  a  is  the  Rayleigh  scattering  loss 

coefficient  The  former  coefficient  is  expressed  as  S=A/2  using 

relative  refractive  index  difference  A.  Substituting  A=0.3%,  (X=lxl0~^ 
(0.3dB/km  loss),  and  dl=20nm  in  the  equation,  the  return  power  is  given 
as  R=-117dB.  This  calculated  value  agrees  well  with  the  measured  peak 
level.  Therefore  signals  from  the  fiber  are  confirmed  to  be  Rayleigh 
scattered  light.  This  means  that  the  present  system  can  measure  to  a 
level  about  lOdB  lower  than  the  Rayleigh  scattering  level.  This  large 
dynamic  range  and  high  spatial-resolution  can  be  used  to  characterize 
optical  components. 
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5.  POLARIZATION-MAINTAINING  FIBER 

A  sample  PANDA  fiber  is  connected  to  the  system  with  an  angle  of  45" 
between  principle  axes.  With  this  alignment  two  orthogonal  polarization 
modes  of  the  sample  fiber  are  excited.  The  two  reflected  light  modes  at 
the  scattering  points  produce  phase  differences  in  proportion  to  the 
propagated  length  due  to  the  modal  birefringence  of  the  PANDA  fiber. 
When  the  phases  of  the  two  modes  are  the  same,  the  interference  signal 
between  the  reflected  light  and  the  reference  light  reaches  maximum. 
When  the  phases  are  opposite,  the  signal  reaches  minimum.  The  resultant 
interference  signal  from  Rayleigh  scattering  in  the  PANDA  fiber  is 
periodically  modulated  as  shown  in  Fig. 3.  Since  the  periodicity  of  the 
modulation  is  L=2.0mm,  a  beat  length  Lt)=2L/n=2 . 74mm  (n=1.46)  and 

B=X/Lb=4 . 7x10“^  (X=l,3p.m)  are  obtained.  The  measured  value  agrees  well 

with  the  value  of  4.9x10“'^  obtained  by  other  methods. 

6.  OPTICAL  FIBER  COUPLER 

The  reflectance  profile  in  the  PANDA  fiber  coupler  connected  to  the 
system  is  shown  in  Fig. 4,  The  coupler  has  a  3dB  coupling  ratio  and  a 
0 . 5dB  excess  loss.  The  return  power  decreases  gradually  by  about  5dB 
over  a  distance  of  8.9mm.  This  5dB  drop  approximately  agrees  with  the 
sum  of  the  coupling  ratio  and  double  the  excess  loss.  In  addition,  the 
coupling  length  is  estimated  to  be  8 . 9mm/n=6 . 1mm  (n=1.46), 

5.  CONCLUSION 

New  interferometric  OTDR  for  achieving  high  sensitivity  close  to  the 
detectable  limit  has  been  demonstrated.  The  system  is  composed  of  a 
Mach-Zehnder  interferometer  for  measuring  the  reflectance  profile  of 
optical  waveguides  with  a  balanced  detector  and  a  Michelson 
interferometer  for  monitoring  the  mirror  translation  speed  exactly. 
Narrow  band  detection  is  realized  by  combination  of  two  interferometers 
and  and  high  sensitivity  of  -130dB  is  achieved.  Rayleigh  scattered  light 
of  -118dB  in  the  fiber  can  be  measured  with  a  spatial  resolution  of 
20|lm.  The  modal  birefringence  in  the  PANDA  fiber  and  the  characteristics 
of  the  fiber  coupler  were  measured  successfully  from  the  Rayleigh 
scattered  reflectance  profile. 
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Fig. 4  Reflectance  profile  in  fiber  coupler 
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Abstract 

We  report  the  operation  of  a  fiber  optic  airay  of  Micheison  interferometric  sensors  using 
pigtailed  Faraday-rotator/mirror  devices  for  the  passive  elimination  of  polarization  fading.  The 
scheme  also  utilizes  a  polarization  selective  element  in  the  input  to  provide  isolation  of  the 
source  from  the  reflective  array. 

Introduction:  Recently,  we  reported  the  operation  of  a  Micheison  interferometer  using  a 
combination  of  bulk  and  fiber  optic  components  which  provides  for  the  passive  elimination  of 
polarization-induced  signal  fading  [1].  The  method  is  based  on  the  "orthoconjugate  reflector"  of 
Edge  and  Stewart  [2]  which  consists  of  a  45®  Faraday  rotator  followed  by  a  plane  minor.  For 
an  optical  beam  which  retraces  its  path  in  a  fiber,  Pistoni  and  Martinelli  [3]  demonstrated  that 
the  insertion  of  a  Faraday  rotator  and  minor  results  in  a  state  of  polarization  (SOP)  at  the  exit 
which  is  orthogonal  to  the  SOP  at  the  entrance  to  the  fiber.  Wanser  [4]  proposed  the  use  of 
nonreciprocal  rotation  elements  in  a  Micheison  configuration  as  a  means  of  passive  stabilization 
against  polarization  fading  due  to  environmental  birefiingence  perturbations.  At  the  point  of 
recombination  the  SOP  from  each  of  the  interferometer  arms  is  orthogonal  to  the  common  SOP 
at  the  entrance  point  and  consequently  they  are  aligned  with  each  other  to  insure  maximum 
fringe  visibility. 

In  this  paper,  we  describe  the  operation  of  an  all-fiber  version  of  the  Micheison  interferometer 
using  Faraday-rotator/mirror  (FRM)  packaged  devices  for  the  birefringence  compensation.  The 
scheme  uses  a  polarization  selective  element  in  the  input  fiber  to  provide  isolation  of  the  source 
from  the  strong  optical  signal  returned  firom  the  Micheison  configuration.  We  also  report  the 
results  of  an  experimental  four-sensor  time-division-multiplexed  array  of  Micheison 
interferometric  sensors  using  FRMs  to  maintain  polarization-independent  operation  of  the  array. 

Single  Sensor  Characterization:  In  our  previous  work,  light  at  the  distal  end  of  each  arm  of 
the  interferometer  was  collimated  through  a  tunable  Faraday  rotator  to  a  plane  mirror  and 
recoupled  back  into  the  fiber  after  the  return  path  through  the  rotator.  For  the  fiber  version  of 
the  FRM,  it  is  noted  that  the  principal  components  are  already  available  in  commercial  in-line 
optical  isolators.  We  have  had  fiber  pigtailed  FRMs  fabricated  by  several  isolator  suppliers. 
Figure  1  shows  the  experimental  arrangement  for  characterizing  a  single  Micheison 
interferometer  with  pigtailed  FRMs  as  the  reflectors.  Figure  2  shows  packaged  devices  from 
Optics  for  Research  (top)  and  Isowave  (bottom).  Each  device  consists  of  a  1.3  pm  fiber,  GRIN 
lens,  Faraday  rotating  element  and  a  dielectrically  coated  mirror.  The  total  reflection 
efficiencies  for  these  prototype  devices,  including  recoupling  back  into  the  fiber,  average  70%  to 
75%.  For  the  characterization  measurements,  light  from  a  1.3  pm  laser  enters  the  system  via  a 
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3dB  coupler  and  a  fiber  polarization  beamsplitter  (Sifam).  The  interferometer  is  a  conventional 
fiber  Michelson  with  the  pigtailed  FRMs  fusion  spliced  onto  both  arms.  Polarization 
controllers  consisting  of  fiber  fractional  waveplates  are  incorporated  in  the  input  fiber  (PCj)  and 
in  one  arm  of  the  interferometer  (PC2)  for  investigating  the  birefringence  properties  of  the 
system.  A  sinusoidal  2k  radian  phase  shift  at  5kHz  was  appliedto  the  piezoelectric  fiber 
stretcher  and  the  fringe  visibility  was  monitored  at  the  detector  positions  indicated  on  the 
diagram.  At  positions  D1  and  D2  the  visibility  variations  with  adjustment  of  both  polarization 
controllers  PCI  and  PC2  were  determined  firom  oscilloscope  traces  (Figiure  3)  to  be 
0.995<V<0.999.  Because  the  SOP  in  the  backward  direction  through  the  polarization 
beamsplitter  is  orthogonal  to  the  SOP  in  the  forward  direction,  this  configuration  has  the  added 
feature  of  providing  isolation  of  the  source  from  the  strong  optical  return  signal.  The  degree  of 
isolation  was  measured  by  monitoring  the  interference  signal  at  position  D3.  Relative  to  the 
signal  at  position  D2  the  isolation  was  -20.5  dB.  One  limitation  to  the  isolation  measiued  in  this 
case  is  that  the  particular  polarization  beamsplitter  used  is  not  a  completely  symmetric  2X2 
device.  The  orientation  of  the  input  lead  was  chosen  for  the  best  forward/backward  operation. 
An  improvement  could  be  realized  by  inserting  a  fiber  polarizer  between  the  coupler  and  the 
beamsplitter.  For  these  reasons,  the  20.5  dB  isolation  is  considered  a  minimum  value  for  the 
isolation  in  this  system. 

Four  Sensor  Array:  For  a  single  sensor,  a  variety  of  schemes  using  polarization-diversity 
detection  or  active  control  of  the  input  SOP  have  been  proposed  to  overcome  polarization- 
induced  fading  [5].  However,  full  optimization  of  the  fringe  visibilities  of  an  array  of  sensors 
using  polarization  tracking  will  not  be  practical,  in  general,  because  the  input  SOP  required  to 
optimize  the  visibility  of  one  sensor  will  not  correspond  to  that  required  for  another  [6].  In 
order  to  demonstrate  the  use  of  the  FRMs  in  a  multi-element  system,  we  constructed  the  four¬ 
sensor  array  shown  in  Figure  4.  The  array  is  based  on  the  time-division-multiplexing  scheme 
previously  demonstrated  in  a  ladder-type  configuration  of  Mach  Zehnder  sensors  [7].  Here  the 
system  employs  Michelson  sensors  with  pigtailed  FRMs  as  the  reflectors.  This  array  topology 
has  the  advantage  of  using  only  N  +  1,  instead  of  2N,  FRMs  for  N  Michelson  Sensors.  An 
acousto-optic  modulator  (AOM)  was  used  to  obtain  a  pair  of  pulses  of  duration  x  and  separation 
T.  Fiber  couplers  of  varying  splitting  ratios  and  FRMs  with  matching  reflection  efficiencies 
were  selected  to  return  pulses  of  nearly  equal  intensity  through  the  polarization  beamsplitter  to 
the  detector.  Figure  5  shows  a  typical  train  of  returned  pulses.  Figure  6  shows  a  pulse 
corresponding  to  a  single  sensor  gated  out  of  the  array.  A  frequency-modulation  was  applied  to 
the  laser  to  generate  an  interference  signal  for  the  sensors.  The  fringe  visibility  was  estimated 
to  be  >  0.95  simultaneously  for  all  of  the  sensors  under  birefringence  perturbations  induced 
manually  in  the  fiber  leads.  This  is  the  first  demonstration  of  passive  control  of  polarization- 
induced  fading  in  an  array  of  sensors.  A  related  issue  is  polarization-induced  phase  noise. 
However,  as  expected  in  a  sensor  locked  at  maximum  visibility  [8],  no  significant  polarization- 
induced  phase  changes  were  observed  in  this  system. 

Conclusions:  We  have  demonstrated  a  scheme  for  simultaneously  optimizing  the  fringe 
visibility  (>0.95)  of  all  the  sensors  in  a  four-element  Michelson  array.  The  scheme  is 
completely  passive  and  employs  miniaturized  all-fiber  pigtailed  components  for  practical  sensor 
systems  in  remote  applications.  With  the  addition  of  a  polarization-selective  element  in  the 
input  to  the  array  tjie  scheme  also  provides  a  source  isolation  of  >  -20dB  from  the  reflected 
signal  in  the  Michelson  configuration. 
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Figure  1.  Experimental  system  for  denx>nstrating  polarization-independent 
Michelson  interferometer  with  pigtail^  FRMs. 
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Figure  2.  Packaged  Faraday-rotator/mirror  (FRM)  devices  Figure  3.  Fringe  visibility  0.995  <  V  <  0.999  from  Michelson 
Optics  for  Research  (top);  Isowave  (bottom).  interferometer  with  pigtailed  FRMs. 
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Figure  4.  Four-sensor  time-division-multiplexed  array  of  Michelson 
interferometers  with  FRMs  as  the  reflectors. 
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Figure  5.  Output  pulse  train  from  time-division-multiplexed 
array  of  four  Michelson  sensors 


Figure  6.  Gated  output  pul.se  from  Sensor  #3. 
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I.  INTRODUCTION 

In  this  paper,  we  describe  an  interferometric  =  qpticai  fibre  sensor  that  has  been 
developed  for  the  measurement  oT  heat  transfer  cates.  It  •has  'been  developed  for  a 
specific  application  in  which  surface  heat  transfer  rates  need  to  be  determined  on 
ceramic  model  structures  (e.g.  turbine  blades)  subjected  to  short  pulses  of  hot  or 
cold  gas  flows  in  wind  tunnel  experiments.  Heat  pulse  lengths  vary  from  10  to  1000  ms 
and  cause  surface  temperature  changes  of  up  to  200  K.  The  wind  tunnel  environment 
provides  gas  flow  speeds  up  to  Mach  0.8  and  gas  temperatures  400  K  above  ambient,  but 
also  gives  rise  to  pressure  changes  of  10  bar  amd  significant  levels  of  vibration. 
Currently,  heat  transfer  data  on  ceramic  models  are  obtained  using  thin  film  platinum 
resistance  thermometers  [1]. 

The  design  specification  for  our  sensor  is  a  measurement  bandwidth  of  100  kHz, 
temperature  resolution  of  25  mK  over  a  range  of  50  K,  spatial  resolution  of  <  100  pm 
and  a  capability  to  work  in  the  wind  tunnel  environment. 


2.  SENSOR  CONSTRUCTION  AND  OPERATION 

The  sensor  consists  of  a  short  length  (l^Omm)  of  single  mode  fused  quartz  optical 
fibre  which  has  had  a  low  reflectivity  (~107,)  aluminium  coating  applied  to  each  end. 
Alternatively,  we  have  used  TiOj  coatings  to  produce  reflective  fusion  splices  [21. 

When  suitably  illuminated,  the  core  of  this  structure  forms  a  low  finesse  fibre 
Fabry-Perot  (FFP)  interferometer  [31.  Because  the  reflectivities  are  low,  higher 
order  reflections  are  negligible,  and  the  optical  transfer  function  is  similar  to 
that  of  a  two  beam  interferometer.  Hence,  the  reflected  intensity  I  is  related  to 
the  optical  phase  difference  ^  introduced  by  the  cavity  by  [4]. 

I=Io(l+Vcos^) 

where  lo  is  the  mean  return  intensity,  V  is  the  fringe  visibility  and  the  optical 
phase  difference  can  be  expressed  as 


n(x)  dx 

^  oJ 

where  A  is  the  vacuum  wavelength  of  the  illuminating  light  and  n  is  the  effective 
refractive  index  of  the  fibre  core.  A  change  in  temperature,  AT,  of  the  fibre  core 
will  produce  an  optical  phase  change  A^  by  changing  the  physical  length  (thermal 
expansion)  and  refractive  index  (thermo-optic  effect)  of  the  optical  cavity,  such 
that 


A^  =  ^  (To  +  AT)  -  ^  (To)  =  ^  I  (na  +  B)  AT(x)  dx 

where  To  is  the  initial  temperature,  a  is  the  thermal  expansivity  and  p  is  the 
thermo-optic  coefficient  of  the  fibre  and  AT(x)  is  the  temperature  change  of  an 
elemental  section  of  length  dx.  By  combining  the  above  equations,  it  can  be  seen  that 
by  monitoring  variations  in  the  output  intensity  of  the  interferometer,  the 
temperature  change  of  the  fibre  core,  integrated  along  its  length,  can  in  principle 
be  determined.  v 

In  the  measurement  of  heat  transfer  rates,  the  FFP  sensing  element  is  embedded  in  the 
test  object  with  the  fibre  axis  normal  to  the  test  surface  and  the  outer  (distal) 
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face  of  the  fibre  flush  with  the  test  surface,  as  shown  in  figure  1.  The  sensing 
element  is  connected  to  the  optical  source  and  detector  assembly  by  a  suitable  length 
of  single  mode  fibre.  The  inner  (proximal)  reflective  face  of  the  sensing  element  is 
spliced  to  this  addressing  fibre. 


Figure  1.  Arrangement  of  sensor,  addressing  fibre  and  substrate 


To  operate  the  sensor,  a  system  comprising  a  laser  diode  source,  launching  optics  to 
direct  this  light  into  fibre,  a  fibre  directional  coupler  and  a  number  of  photo 
detectors  are  required.  The  arrangement  of  these  components  is  shown  in  figure  2. 


Figure  2.  Arrangement  of  optics  and  fibres  to  operate  a  FFP  sensor 

The  directional  coupler  splits  the  launched  light  into  detector  2,  (which  serves  as  a 
laser  intensity  monitor)  and  the  addressing  fibre  of  arbitrary  length.  To  date 
addressing  fibre  lengths  of  up  to  200  m  have  been  used  successfully.  The  return 
signal  from  the  sensor  is  split  by  the  coupler  smd  finally  arrives  at  detector  1. 
Linearisation  of  the  sensor  output  signal  can  be  performed  via  a  number  of  different 
demodulation  schemes.  In  cases  where  the  overall  phase  change  induced  in  the  sensor 
is  significamtly  less  that  one  fringe,  then  homodyne  processing  of  the  signal  by 
wavelength  tuning  of  the  laser  diode  source  yields  heat  transfer  data  in  a 
straightforward  manner.  When  larger  phase  chamges  are  expected,  we  have  adopted  a 
pseudo-heterodyne  quadrature  switching  technique.  Our  implementation  of  this 
technique  has  previously  been  reported  [5J. 

3.  SENSOR  EVALUATION 

3.1  Laboratory  Evaluation 

Initial  evaluation  of  the  sensors  was  carried  in  the  laboratory  using  pulsed  lasers 
to  generate  transient  heat  flux  at  the  distal  end  of  the  sensing  element.  In  these 

tests,  the  magnitude  of  the  heat  pulses  was  varied  from  40  kW  m"^  to  18  MW  m'^.The 
ftp’s  exhibited  a  typical  response  time  of  5  ps  amd  noise  floor  of  ~  20  mK.  Full 
details  of  these  tests  have  been  reported  elsewhere  16]. 
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3.2  Transient  Wind  Tunnel  Evaluation 

Initial  tests  of  the  FFP  sensors  in  a  transient  wind  tunnel  environment  were  carried 
out  in  a  design  variation  of  a  shock  tube,  called  a  Ludwieg  Tube.  This  tube  could 
provide  puises  of  gas  for  20  ms  at  Mach  0.5  and  50  K  below  2unbient  room  temperature. 
A  schematic  diagram  of  the  tube  is  given  in  figure  3. 


The  principle  of  operation  is  such  that  a  diaphragm  separates  a  high  pressure  gas 
supply  at  10  bar  (the  main  tube)  from  a  low  pressure  region  at  a  rough  vacuum  (the 
dump  tank).  When  the  diaphragm  is  ruptured,  a  rarefaction  wave  propagates  into  the 
main  tube,  is  refiected  from  the  far  end  and  returns  to  the  diaphragm  position.  The 
time  taken  for  this  cycle  determines  the  run  time  of  the  tube  and  during  this  time, 
steady  flow  conditions  are  obtained  in  the  working  section. 

Four  multiplexed  FFP  sensors  were  embedded  in  a  flat  ceramic  (Macor)  plate,  which 
served  as  our  test  object.  The  plate  was  also  fitted  with  six  thin  film  platinum 
resistance  thermometers.  The  plate  was  mounted  in  the  working  section  of  the  Ludwieg 
tube,  and  measurements  were  made  of  the  heat  flux  produced  by  the  flow  of  the  cold 
gas  over  the  plate  when  the  tube  was  operated.  Figure  4  shows  a  typical  experimental 
result,  where  data  from  an  FFP,  a  resistance  thermometer  and  a  pressure  gauge  in  the 
working  section  of  the  Ludwieg  Tube  are  all  displayed.  These  data  were  used  to 
calculate  the  heat  transfer  rate  during  the  20  ms  run  time  of  the  tube.  The 

resistance  gauge  yielded  a  value  of  52  ±  1  kW  m"^  and  the  FFP  data  yielded 


53  ±  6  kW  m-2.  t: 
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A  :  Uncorrected  output  from  an  FFP  of  mean  temperature  X  10 
B  :  Surface  temperature  from  platinum  thin  film  resistance  thermometer 
C  :  Pressure  in  working  section  of  tube 
D  :  Duration  of  FFP  pressure  response 

Figure  6.  Data  from  a  Ludwieg  Tube  run 
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4.  DISCUSSION  AND  CONCLUSIONS 

Heat  flux  data  have  successfully  been  derived  in  a  wind  tunnel  experiment  using  a 
fibre  Fabry-Perot  interferometric  sensor.  CompeU'ison  of  observed  heat  transfer  rates 
between  the  optical  sensor  and  a  platinum  thin  film  resistance  gauge  show  that  there 
is  good  agreement. 

The  sensitivity  of  the  FFP  to  pressure  variations  is  known  to  be  influenced  by  the 
details  of  the  mounting  of  the  sensing  fibre  [7].  By  using  different  adhesives  and/or 
alignment  tubes,  is  has  been  possible  to  reduce  this  pressure  cross-sensitivity. 
Laser  intensity  noise  was  compensated  for  in  the  signal  processing,  and  the  frequency 
noise  contribution  is  small  for  these  short  interferometers.  Further  sources  of  noise 
in  the  system  include  environmental  noise  in  the  form  of  vibration  of  the  launch 
optics  (which  is  responsible  for  the  oscillations  of  the  sensor  signal  in  figure  4) 
and  parasitic  interferometers  arising  from  small  reflections  at  the  termination  of 
the  end  of  the  directional  coupler  arms,  even  though  the  reflection  coefficients  were 

reduced  to  ~  10"®.  A  fundamental  and  significant  noise  source  arises  due  to  coherent 
Rayleigh  backscattering  in  the  addressing  fibre  [8],  euid  we  shall  describe  procedures 
for  its  minimisation. 

Our  design  of  FFP  has  been  shown  to  meet  a  demanding  performance  specification  in  a 
difficult  working  environment.  It  has  demonstrated  several  advantages  over  thin  film 
resistance  thermometers.  The  FFP  acts  as  a  calorimeter  amd  therefore  yields  heat  flux 
directly;  a  thin  film  gauge  measures  surface  temperature  which  is  related  to  heat 
flux  via  an  integral  equation  and  hence  requires  complex  signal  processing.  The  FFP 
has  high  spatial  resolution  and  thermal  properties  very  similau'  to  the  blade 
material.  The  FFP  provides  a  robust  and  relatively  straightf orwamd  solution  to  a 
range  of  heat  tramsf er  measurement  problems,  amd  may  be  considered  as  am  optical 
thermometer  capable  of  wider  applications  in  similarly  hostile  operating 
environments. 
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SUMMARY 

Superluminescent  diodes  (SLD)  are  very  attractive  light 
sources  for  fiber  optic  sensors,  especially  for  fiber  optic 
gyros  and  microcavity  sensors.  SLD  emits  high- power  low 
divergence  beams  with  broad  (up  to  15  nm)  spectrum  width  with 
coupling  coefficient  to  single-mode  fiber  up  to  25%[1].  However 
when  output  power  exceeds  10  mW  typical  value  of  Fabry-Perot 
modulation  depth  is  up  to  20%  even  in  anti reflect ion- coated 
window  structure.  We  developed  AlGaAs/GaAs  SLD  with  output 
power  up  to  15  mw  and  Fabry-Perot  modulation  depth  about  1%. 

One  of  the  main  feature  of  SLD  over  multimode  laser 
diodes  is  lower  power  fluctuations.  However  strong  increasing 
of  SLD  noise  may  be  expected  with  increasing  of  output 
powerC2].  So  we  also  studied  noise  behavior  of  high  power  SLD 
and  find  noise  saturation  at  high  power  levels. 

Structure  of  devices  is  schematically  scetched  on  Fig.  1. 
LPE- grown  structures  with  weak  index  guiding  had  three 
independently- pumped  regions  with  length  250,50  and  250  pm. 
Reactive  ion  technique  was  used  both  for  4-um  mesa  and  50  jjm 
division  gaps  etching.  Leakage  resistance  between  different 
electrodes  was  typically  4-6  kOhms.  Grounded  absorber 
configuration  was  used! 13.  Both  regions  1  and  2  or  only  region 
1  were  pumped.  Polyimide  layer  were  used  for  electrical 
isolation. 

Light-current  characteristic  of  as-cleaved  device  is 
Shown  on  Fig.  2  (curve  1).  Only  region  1  is  pumped.  With  output 
power  of  5  mW  even  in  such  devices  Fabry-Perot  modulation  depth 
didn't  exceed  3%  for  the  most  of  samples,  and  spectrum  FWHM  was 
15  nm. 

Curve  2  on  Fig.  2  shows  light- current  characteristic  and 
spectrum  of  SLD  with  less  than  1%  reflectivity  coating  of 
output  facet.  Output  power  increase  at  3  times  with  respect  to 
noncoated  device  (nearly  the  same,  like  inClD).  Nevertheless, 
extremely  low  Fabry-Perot  modulation  depth  of  about  1%  is  seen. 
This  value  is  by  the  order  of  magnitude  less  that  inCl]  for  the 
same  power  level.  Note  that  the  rear  facet  of  the  device 
remains  uncoated. 

For  both  coated  and  uncoated  device  degree  of 

polarization  of  output  radiation  was  not  more  then  10%. 

The  sensitivity  of  absorber  section  3  when  acts  like 
photodiode  was  0,4  mA/mW.  This  is  nearly  2  times  smaller  than 
maximum  theoretical  sensitivity  0,7  mA/mW  mainly  due  to 
incomlete  absorption  of  incoming  radiation  from  anplifier 
section.  From  this  point  high  spectral  modulation  depth  must  be 
expected  in  contradiction  with  our  results,  especially  for 
uncoated  rear  facet.  We  believe  that  small  depth  in  our  sairples 
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is  mainly  due  to  weak  index  guiding  in  the  structure. 

Really,  in  amplifier  region  two  effects  have  influence 
on  refractive  index  profile  in  lateral  direction.  The  first  is 
decreasing  of  refractive  index  with  carrier  density 
increasingCS]  and  the  second  is  increasing  of  the  former  due  to 
temperature  rise  in  active  region.  With  optimum  design  of  the 
mesa,  especially  the  residual  thickness  of  upper  cladding  layer 
outside  of  mesa,  effective  index  step  is  enough  to  maintain 
stable  confinement  of  radiation.  By  the  other  hand,  in  absorber 
only  decreasing  of  refractive  index  due  to  photogene rated 
carriers  takes  place,  thus  leads  to  poor  confinement. 

The  last  effect  leads  to  high  lateral  divergence  of 
radiation  in  absorber  region.  Our  measurements  shows,  that  near 
field  Width  of  SLD  is  5  pm  on  output  facet  and  nearly  40  pm  on 
rare  facet.  Evidently  feedback  effect  from  the  back  facet  is 
negligible  in  this  case  even  if  the  it  has  no  anti reflect ion 
coatings. 

As  it  was  noted  above,  light- current  characteristics 
were  measured  when  only  region  1  was  pumped.  The  decreasing  of 
output  power  by  10%  was  observed  when  the  same  total  current 
flows  through  both  sections  1  and  2.  This  effect  may  be  caused 
by  re-emission  of  photons  by  photoexcited  carriers  in  section  2. 

The  other  important  characteristic  of  SLD  is  power 
fluctuations.  Previous  results  C2]  show  that  noise  level  of  SLD 
With  output  power  of  3  mW  may  exceed  shot  noise  limit  up  to  20 
dB.  From  the  viewpoint  of  gauss i an  statistics[4] ,  further 
increase  of  excess  noise  may  be  expected  for  high-power  SLD. 
From  the  other  point  of  view,  some  reduction  of  noise  due  to 
gain  saturation  effect  may  take  place. 

Fig.  4  shows  the  dependence  of  SLD  noise  on  and  emitted 
power.  Additionally  theoretical  dependence  for  noise  on  power 
is  drawn.  This  was  calculated  as  follows. 

It  can  be  shown! 41,  that  gauss i an  statistics  of  SLD 
radiation  leads  to  sinple  expression  for  SLD  noise: 

<dl>  =  2eI(l+I/IJ,  4  =  Zemrl  (  1  ) 

where  e  is  elementary  charge,  I  -  photodetector  current,  dv'- 
spectral  bandwidth,  M  -  number  of  spatially  independent 
elementary  sources,  and  factor  2  in  expression  for  I  is 
connected  with  depolarization  of  SLD  emission. 

It  is  seen  that  excess  noise  begin  to  saturate  for 
output  powers  more  than  8  mW.  With  output  power  of  15  mW  noise 
is  nearly  twice  less  that  calculated  with  (1).  Qualitatively 
the  same  results  were  obtained  for  noncoated  device  when  output 
power  exceeds  3  mW.  It  can  be  seen  from  Fig.  2,  that  noise 
saturation  starts  at  linear  part  of  light- current 

characteristics,  were  strong  gain  saturation  take  place. 

For  practical  application  coupling  of  SLD  radiation  to 
single  mode  fiber  is  important.  The  efficiency  20%  was  obtained 
for  tapered  microlens  polarization  maintain  single-mode  fiber. 
Modules  had  dual -in- line  14  pins  package.  SLD  with  heatsink  was 
established  on  Pieltier  cooler.  High  precision  thermoresistor 
was  used  for  temperature  stabilization.  Excellent  output  power 
stability  was  obtained  in  ambient  temperature  range  from  -60  C 
to  +60  C. 

In  conclusion,  high  power  and  extremely  low  Fabry- Perot 
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modulation  depth  SLD  and  modules  are  developed.  Maximum  power 
of  15  mW  with  150  mA  injection  current  and  15  nm  spectral  FWHM 
with  1%  Fabry- Perot  modulation  depth  are  achieved.  Output  power 
of  single-mode  fiber  pigtail  module  is  3  mW.  Noise  saturation 
at  high  power  level  due  to  gain  saturation  is  found.  The 
results  show  that  optimum  design  of  SLD  structure  lead  to  high 
performance  of  devices  with  simple  mesa  structure  wittout 
output  windows  and  only  one  anti reflect ion  coated  facet. 
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FIGURE  CAPTIONS 

Fig.  1.  SLD  structure,  a  -  metal  contact,  b  -  polyimide  layer, 
c,e  -  upper  and  lower  cladding  layers,  d  -  active  layer, 
f  -  n-type  substrate,  g  -  p'''-contact  layer. 

Fig.  2.  Light-current  characteristics  of  SLD  before(l)  and  after 
(2)  output  facet  coating. 

Fig.  3.  Spectrum  of  SLD  at  15  mW  output  power. 

Fig.  4.  Relative  noise  versus  output  power  dependence  for  SLD 
with  coated  facet,  dl^y^-  shot  noise  level,  f  =  10  MHz. 
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There  is  great  interest  in  using  fiber  superfluorescent  sources 
in  fiber  gyroscopes  as  a  replacement  for  semiconductor 
superluminescent  diodes  (SLD's).  Potential  benefits  include  higher 
available  power,  better  wavelength  stability  with  temperature,  and 
improved  lifetime.  Multicore  Nd:fibers^  pumped  by  a  laser  diode 
array  offer  high  output  powers  in  a  single  mode  core,  but  are 
susceptible  to  lasing  due  to  feedback.^  This  type  of  diode  laser 
pumped  source  nas  been  successfully  employed  in  a  fiber  gyroscope 
using  a  backward  pumping  scheme  to  avoid  feedback.*^  We  report  a 
fiber  gyro  using  a  similar  source,  but  are  able  to  forward  pump  it 
with  the  use  of  an  optical  isolator.  The  gyro  utilizes  all  spliced  fiber 
components  after  the  source  fiber.  Excess  noise^’^  has  been  an  issue 
with  fiber  broadband  sources  due  to  their  somewhat  narrower 
(compared  to  SLD's)  emission  spectrum.  We  demonstrate  nn 
intensity  noise  subtraction  scheme  which  is  successful  in  removing 
most  of  the  excess  noise. 

The  gyro  configuration  is  shown  in  Fig.  1.  We  use  a  0.5W  diode 
array  pump  (0.81pm),  which  is  focused  into  the  end  of  the  Nd  doped 
active  fiber  through  a  dichroic  mirror.  This  dichroic  mirror  isolates 
the  backward  1.06  pm  emission  from  the  diode  array  facet.  The 
multicore  (multimode  pump,  single  mode  at  1.06  pm)  Nd  doped  fiber 
had  a  structure  similar  to  the  fiber  of  Ref.  1  and  was  fabricated  by  E. 
Snitzer  at  Rutgers  University.  The  active  fiber  was  spliced  to  the 
pigtail  of  a  1.06  pm  isolator  (-4  dB  insertion  loss),  which  in  turn  was 
spliced  to  the  input  coupler  of  the  open  loop  gyro.  After  this  point  all 
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the  fiber  in  the  gyro  loop  was  polarization  preserving  fiber.  The 
splices  on  each  side  of  the  isolator  had  insertion  losses  of  ~1  dB  each 
and  the  gyro  circuit  insertion  loss  was  22.5  dB.  The  fiber  coil  was  1 
km  long,  and  quadrupole  wound  on  a  16  cm  radius. 

Typical  operating  numbers  were  6mW  of  1.06  pm  source  input 
to  the  gyro  first  coupler,  which  produced  35  pW  at  the  gyro  detector, 
for  140mW  of  pump  power  at  0.81  pm.  The  measured  random  walk 
coefficient  for  the  gyro  was  7.3  10'^  deg/Vhr,  in  good  agreement 
with  the  calculated  value^  from  the  spectral  width  (6.8nm)  6.7  10"^ 
deg/Vhr  (20  pA  detector  current). 

Since  our  gyro  is  in  the  excess  noise  limited  regime  we 
employed  an  intensity  noise  subtraction  approach  to  reduce  the 
excess  noise.  Intensity  noise  subtraction  was  used^  to  remove  excess 
noise  from  an  SLD  source,  but  has  not  been  reported  as  part  of  a 
fiber  gyro.  The  experimental  configuration  for  the  intensity  noise 
subtraction  is  shown  in  Fig.  2.  A  fiber  polarizer  was  spliced  to  the 
unused  lead  of  the  input  coupler,  aligned  such  that  its  transmission 
axis  is  paralled  to  the  transmission  axis  of  the  gyro  polarizer.  The 
noise  signal  is  then  delayed  through  1  km  of  ordinary  single  mode 
fiber,  equivalent  to  the  length  of  the  gyro  coil.  Both  signals  are  then 
detected  and  amplified.  At  this  point,  with  the  gyro  phase  modulator 
drive  off,  a  simple  DC  subtraction  was  carried  out.  In  Fig.  3a  we 
show  the  experimental  signal  to  noise  ratios  (SNR),  with  and  without 
noise  subtraction,  compared  to  shot  and  excess  noise  theory.^  14  dB 
(ele.)  of  noise  improvement  was  obtained. 

However  an  operating  fiber  gyro  has  an  AC  modulated  output 
signal,  whereas  our  noise  signal  is  DC.  Since  the  levels  must  be 
balanced  for  effective  noise  subtraction  we  modulate  the  AC  coupled 
noise  signal  by  mixing  with  the  DC  coupled  gyro  signal  in  a 
multiplier,  and  then  subtract  this  modulated  noise  signal  from  the 
gyro  signal.  These  operations  are  indicated  by  the  signal  and  noise 
traces  shown  in  Fig.  2.  The  output  of  the  subtracter  is  then 
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demodulated  in  a  lock-in  amplifier.  In  Fig.  3b  we  show  the 
experimental  random  walk  coefficients  compared  to  excess  and  shot 
noise  theory.  The  results  show  that  a  factor  of  3  improvement  in  the 
random  walk  coefficient  was  obtained  using  noise  subtraction, 
reducing  the  previous  value  to  2.5  10"^  deg/Vhr. 

We  have  demonstrated  a  1.06  pm  fiber  gyroscope  that  allows 
new,  high  levels  of  input  power  in  an  all  fiber  configuration.  A  novel 
intensity  noise  subtraction  technique  largely  overcomes  excess  noise 
due  to  the  source  bandwidth.  Although  we  have  demonstrated  this 
technique  with  an  open  loop  gyro,  the  approach  should  also  be 
applicable  to  closed  loop  gyros. 
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Fig.  1  Configuration  of  the  fiber  gyroscope. 
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Fig.  2  Optical  and  electronic  configuration  for  the  intensity  noise 
subtraction  experiment. 


+  WITHOUT  NOtSE  SUBTRACTION 
o  WITH  NOISE  SUBTRACTION 


Fig.  3  Experimental  data  for  SNR  (a,  phase  modulator  off) 

and  random  walk  coefficient  (b,  phase  modulator  on). 
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P3  Observation  Of  Backscatter-lnduced  CrossTalk  In  A  Two-dimen¬ 
sional  Frequency-Division  Multiplexed  Fibre  Optic  Gyro  System 

Wei  Jin  and  Brian  Culshaw 

Department  of  Electronic  and  Electrical  Engineering,  University 
of  Strathclyde,  Glasgow  G1  IXW,  Scotland,  UK 

ABSTRACT:  Backscatter  induced  crosstalk  noise  of  about  5^/hr  was  observed  in 
a  2-D  FDM  FOG  system.  It  can  be  reduced  to  below  0.2**/hr  by  proper  choice  of 
modtilation  depth  and  frequency. 

INTRODUCTION:  Most  gyroscope  applications  involve  the  use  of  a  cluster  of 
instruments  measuring  rotations  along  orthogonal  axes.  For  such  systems 
clearly  a  network  of  individual  gyroscopes  may  be  used.  However,  there  are 
obvious  potential  economies  in  components  when  all  the  gyroscopes  in  a  cluster 
are  energised  from  a  single  source[l]. 

However  the  use  of  a  single  source  for  several  gyroscopes  does  introduce  the 
possibility  of  crosstalk  between  the  signals  detected  from  each  of  the 
gyroscopes.  For  a  Frequency-Division  Multiplexed  (FDM)  fibre  gyro  system  with 
a  single  detector,  crosstalk  may  be  introduced  by  the  effects  of  residual 
coherence,  signal  feedback  into  the  light  source  or  from  first  or  second  order 
backscatter[2] [3] [4] .  This  paper  concentrates  on  examining,  theoretically  and 
experimentally,  the  characteristics  of  first  order  backscatter  induced 
crosstalk  in  a  2-D  FDM  FOG  system. 

THEORY:  Fig.l  shows  2-D  FDM  FOG  system.  If  signals  from  the  two  gyro  loops  do 
not  interfere  with  each  other  and  modulation  frequencies  and  of  the 

two  bias  modulator  (PMi  and  PM2)  satisfy  certain  relations,  the  system  will 
act  as  a  two-dimensional  gyro  system[2]. 

The  backscattering  waves  from  one  gyro  loop  will  interfere  with  the  signal 
waves  from  the  other  loop  and  this  may  induce  serious  crosstalk.  For  a  light 
source  with  coherence  length  siuch  shorter  than  the  lengths  of  the  gyro  loops, 
this  partictdar  kind  of  crosstalk  can  be  considered  as  a  result  of 
interference  between  signal  waves  from  one  gyro  loop  and  scattered  waves  from 
two  partlcxilar  sections  of  the  other  gyro  loop,  each  a  coherence  length  L  in 

C 

length  which  travel  nearly  the  same  optical  path  as  the  signal  waves  of  the 
former  gyro.  The  amplitude  of  light  scattered  from  each  of  these  particular 
sections,  relative  to  the  primary  beams,  can  be  assumed  as  $-(aSL  where 

C 

a  is  the  Rayleigh  scattering  loss,  S  represents  the  fraction  of  light  which  is 
reguided  in  the  backward  direction.  The  backcattering  can  thus  be  modelled  by 
point  scatters  P  (i-1,2  corresponds  to  gyro  1  or  gyro  2;  j— +,-  correspond  to 

CW  or  CCW  propagation)  situated  at  a  distance  i  /2  (i^  <  L^)  from  those 

points  (A,  A'  or  B,  B')  where  the  scattering  waves  travel  through  exact  the 
same  distance  as  the  signal  waves  (see  Fig.l).  Variations  in  phases  (ft  is 

the  propagation  constant)  of  the  scattering  waves  due  to  perturbations  of  the 
source  or  coils  are  the  cause  of  backscatter- induced  crosstalk.  By  denoting 
the  coupler  detuning  from  ideal  50/50  as  where  -  1-2K^  where  is  the 

coupling  ratio  of  the  loop  coupler  of  gyro  i,  assuming  the  two  fibre  gyro 
routes  have  similar  length  and  the  lead  length  in  both  gyros  is  much  shorter 
than  the  loop  length,  and  phase  modulator  at  one  end  of  loop  i  produces  a 
phase  modulation  ^  (t)  -  0  sin(<>  t.  The  RMS  value  of  the  first  order 
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(  2  ) 


backscatter  Induced  crosstalk  detected  at  frequency  under  the  condition  of 

(k,l  -  1,2,...)  can  be  expressed  as[5] 

I  -  A/2r{(l-A  )V(1+A  )V(2^  cosw  r  /2)) 

In-phSle  '  J  0  ’-oj  j  / 

/(^^^)sin^^^^/2)sin^«  (  1  ) 

I  -  A/2({(1-AjVi+AJ\(2^  cos«  r  /2)) 

Quadrature  ^  J  o  oj  j  i 

*^1  (  ^Oi  ^  ^  )  cos^w^  r y 2+(  1+A^  cos 

jJ(d  )jJ(2d  cosw  r /2))^^^  (i-1,2;  j-2,1)  (  2  ) 

where  A  -  I^exp-(oL^)5(l-A^)  ,  is  the  output  intensity  of  the  source,  and 

and  are  length  and  loop  delay  of  the  i^  gyto  loop. 

It  can  be  seen  that  the  in-phase  component  at  frequency  u>^  is  proportional  to 
J  (^  )  and  can  therefore  be  nulled  by  suitable  choice  of  loodulation 

1  Oi 

frequencies  and  depths.  With  set  at  a  zero  of  the  Sagnac  signal 

can  be  maximized  by  choosing  a  modulation  frequency  corresponding  to 
w^-2/r^arcsin(1.84/2^^^) .  This  is  also  true  for  the  quadrature  component  if 

low  modulation  frequencies  are  used  because  for  u  r  «  1,  J  (26  cosu  r  /2)  - 

J  (2^  ),  which  is  near  zero  when  J  (6  )  is  nulled.  It  should  be  pointed  out 

that  the  backscatter -induced  crosstalk  can  not  be  nulled  even  if  an  ideal 
50/50  coupler  is  used.  This  is  the  main  difference  from  the  backscattering 
nolse[6].  The  dependence  of  the  two  components  on  the  Sagnac  phase  is  also  of 
Importance  since  at  low  rotation  rates,  the  in-phase  component  is  negligible. 
Therefore  adjustment  of  the  reference  phase  of  the  lock-in  amplifier  is 
required  to  reduced  the  effect  of  large  quadrature  component  which  may  also  be 
eliminated  by  using  a  modulation  frequency  corresponding  to  the 
eigen-frequency,  -  x/r^. 

EXPERIMENTS:  Experiments  were  performed  to  observed  the  backscatter -induced 
crosstalk.  As  shown  in  Flg.l,  a  STC  LC51/19  laser  diode  was  used  as  a  common 
source  and  a  Sifam  fibre  polarizer  (35  dB  extinction  ratio)  were  used  as 
common  polarizer.  The  loop  coupler  of  gyro  1  is  a  polished  one  and  is  tunable 
from  0-70X  coupling.  Other  couplers  are  all  of  fused  type  with  fixed  coupling 
ratio  of  about  50/50.  Two  fibre  coils  was  wound  in  a  quadrapole  winding  and 
have  similar  length  of  about  700  meters.  Two  PZT  phase  modulators  (PMi  and 
PMz)  were  positioned  in  the  ends  of  the  two  fibre  loops  respectively  and  three 
polarisation  controllers  (PCs), one  in  the  input  end  of  the  polarizer  and  one 
in  each  of  the  coils,  were  used  to  adjusted  the  input  polarisation  state  and 
the  polarisation  states  within  the  coils.  The  output  signal  was  detected  by  a 
GM5  photodetector  and  then  filtered  and  monitored,  at  the  modulation  frequency 
of  gyro  1,  through  a  lock-in  amplifier.  The  lock-in  amplifier  has  dual 

outputs  and  can  therefore  monitor  both  Sagnac  and  quadrature  signals 
simultaneously.  During  the  experiments,  all  the  parameters  of  gyro  2  were 
fixed  (w-2x«31.5  kHz,  6  “  0.92/sin(«  r  /2)  and  A  ^)  to  maximise  the  Sagnac 

signal  whilst  the  parameters  of  gyro  1  were  tuned  (w -26  kHz  or  144  kHz,  6 

2  01 

vary  from  0  to  9  rads  and  A^  from  0  to  1).  The  in-phase  crosstalk  noise  is  not 
observable  when  6^^  vary  from  0-9  rads  or  coupling  ratio  detuning  A^  vary 
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from  0-1  due  to  very  low  rotation  rate  (earth  rotation).  The  variation  of 
quadrature  components  with  modulation  depth  (when  A  -0)  is  shown  in  Fig. 

2.  A  maximise  noise  of  about  5**/hr  was  observed  at  “  1.8,  the  noise 

isreduced  to  below  0.2  /hr  (limited  by  laser  intensity  noise)  at  -  3.8  and 

7.0  respectively  which  correspond  to  the  first  and  second  zeros  of  the  first 
order  Bessel  function.  This  is  similar  to  the  scattering  noise[6].  The 
variation  of  scattering-related  noise  with  coupling  ratio  detuning  A  is  shown 

in  Fig. 3  which  corresponds  to  the  summation  of  the  backscattering  noise[6]  and 
backscatter- induced  crosstalk  (see  Eq.(2)).  Both  in-phase  and  quadrature 
components  of  the  scattering  related  noise  at  the  eigenfrequency  (144kHz)  of 
gyro  1  are  below  0.2  /hr  and  shown  in  Fig. 4. 

CONCLUSIONS:  In  conclusion,  we  have  observed  the  backscatter -induced  crosstalk 
noise  in  a  2-D  FDM  FOG  system.  At  low  rotation  rates,  the  in-phase  components 
is  negligible,  however  the  quadrature  noise  is  as  high  as  5**/hr.  The  noise  can 
be  reduced  to  below  0.2  /hr  either  by  proper  choice  of  the  modulation  depths 
or  by  using  a  modulation  frequency  corresponding  to  the  eigenfrequency  of  the 
gyroscope . 
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Fig.l  2-D  FDM  FOG  system.  LD:  laser  diode,  D:  detector,  LI:  lock-in 
amplifier,  DC,  DCl  and  DC2:  Directional  couplers,  P:  polarizer,  PMi  and 
PMz:  phase  modulators,  Fi  and  Fz:  fibre  loops,  P^  :  point  scatters 
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Fig. 2  Variation  of  quadrature  noise  with  4  (<<> -2«'* 26kHz,  A -K)) 
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Fig. 4  Noise  levels  with  eigen- 
frequency  Bodulatio^ 

(a)  Sagnal  signal  5  /hr 

(b)  qviadrature  noise  with  A^-l/y2 

(c)  quadrature  noise  with  A^-1 

(d)  noise  when  laser  was  OFF 


89 


P4  More  Exact  Measurement  Of  Gravitation  Constant  G  By  Using 

Fixed  Precision  Fiber  Gyros 

M.BdHM 
ALCATEL  SEL 
STUTTGART,  GERMANY 

Precise  measiirement:  of  Insfamfemeous  eeurth  rotation  rate  cem 
serve  several  purposes,  amongst  them  determination  of  torsional 
oscillations  of  ecurth  and  more  exact  derivation  of  the 
gravitation  consteuit  G. 

The  knowledge  of  torsional  oscillations  of  earth  may  be  of 
value  for  a  ntimber  of  research  areas  like  earthgueUces , 
volceuios,  clima  cuid  exploration. 

G  is  given  with  rather  limited  accuracy  (6,67*10"^  N  m2  kg"2) 
in  view  of  present  precision  measurement  techniques.  It  has 
been  suggested  that  G  cem  be  described  by  (fig.l) 

G  -A 

^“15  mjjy  §iBol 
with  me  =  electron  mass 

mu  =  atomic  mass  unit 
CjO  1  -  rate  of  yeeurly  earth  rotation 
(j)2  ~  rate  of  daily  earth  rotation 
mol  “  roolau:  gas  mass  density 

It  is  proposed  to  utilize  fixed  precision  fiber-optic  rate 
sensors  for  measuring  the  daily  earth  rotation  profile  with 
seven  digits  accuracy  in  order  to  determine  possible  error 
sources  in  conventional  methods  of  G-determination  (torsional 
balance)  by  during  a  24  h  -  period. 

The  basic  approach  is  to  gain  three  digits  (a  factor  of  10~2) 
by  increasing  Integration  time  €uid  utilizing  a  number  of  fiber 
gyros  colocated  or  eurreuiged  as  a  two-  or  three-dimensional 
array. 

A  gyro  eunray  (fig. 2)  allows  for  compensating  statistical 
variations  of  the  single  sensors  and  thus  increase  the  accvuracy 
of  measurements  despite  the  errors  of  the  individual  sensors. 

A  vertical  array  -  e.g.  a  lineeur  one  -  is  to  be  used  for 
comparison  with  the  results  of  a  horizontal  one. 

A  supplementary  approach  is  to  utilize  the  well  known  average 
rotation  rate  of  earth  for  comparison  with  the  actual  fiber 
gyro  outputs  and  thus  compensate  unidirectional  gyro  drifts. 
This  is  expected  to  provide  a  further  digit,  totalling  in  a 
rate  accuracy  of  1,5.10”®  degree/h.  The  increase  of  acciiracy  in 
daily  earth  rotatation  rate  (  QJf  2  ~  7,29256*10”®  s”l) 

measurement  requires  to  also  consider  the  yearly  earth  rotation 
rate  ((Oi  -  1, 99198 *10”^  s”^),  which  is  about  three  per  mille 
of  the  dally  rate. 
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This  drift  compensation  is  to  be  performed  for  each  individual 
sensor  of  an  array  in  order  to  avaid  undefined  errors. 

In  addition,  the  zero  bias  has  to  be  compensated  for  each 
sensor  of  an  array  also  individually  by  comparing  the 
respective  sensor  aotputs  after  12  hours  (180*)  each. 

A  final  approach  would  be  to  perform  G  measurements  utilizing  a 
conventional  precision  torsion  balance  colocated  with  a  fiber 
gyro  array  in  a  temperature-controlled  environment  with 
different  temperatures  in  sequence.  The  comparison  of  results 
is  expected  to  not  just  provide  a  more  exact  value  of  G,  but 
also  to  reveal  at  least  two  key  error  sources  in  conventional 
G-measurement  techniques . 

These  error  sources  are  expected  to  be 

-  temperature  variations 

-  variations  of  meastirement  device  altitude 
cUbove  sea  level 

Another  error  source,  in  addition  to  effects  caused  by  sun  and 
moon,  might  be  Coriolis  effects  (fig.3). 
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P5  Sensitive  Fibre  Optic  Thermometer  Using  Cr:LiSAF 
Fiuorescence  For  Bio-Medical  Sensing  Appiications 

Zhiyi  Zhang,  K.T.V.  Grattan  and  h.W.  Palmer 

Measurement  and  Instrumentation  Centre, 

Dept,  of  Electrical,  Electronic  and  Information  Engineering, 

City  University, 

London  EClV  OHB,  England. 

INTRODUCTION 

There  has  been  considerable  interest  in  the  development  of  fibre  optic 
temperature  probes  for  bio-medical  applications.  The  dielectric  property 
of  the  fibre  optic  probe  is  essential  for  some  applications,  e.g.,  the 
monitoring  of  the  human  body  temperature  during  treatment  employing  rf  or 
microwave  heating  and  for  use  with  C.T.  scanners  using  large 
electro-magnetic  fields.  The  potentially  high  measurement  sensitivity  of 
fibre  optic  probes  can  cater  for  the  particular  requirement  to  monitor 
slight  body  temperature  variance  and  their  small  size  and  flexibility 
also  make  such  probes  valuable  for  bio-medical  applications. 

An  extensive  review  of  fibre  optic  techniques  for  temperature  measurement 
has  been  presented  by  one  of  the  authors  [  1  ] ,  and  one  of  the  more 
successful  schemes  is  that  based  on  fluorescence  lifetime.  Apart  from  the 
high  measurement  sensitivity  achievable,  the  measurement  of  temperature 
using  the  fluorescence  lifetime  of  appropriate  materials  has  a 
significant  advantage  in  that  it  is  independent  of  an  accurate 
measurement  of  light  intensity.  Therefore,  the  corresponding  fibre  optic 
probe  can  be  free  of  the  impact  of  fibre  sterilising  and  bending,  and  be 
potentially  robust  enough  for  harsh  day-to-day  usage.  An  early 
proof-of-principle  demonstration  of  a  optical  temperature  probe  using  the 
fluorescence  decay  of  ruby  was  presented  by  Sholes  and  Small  [2]  with  a 
bulky  optical  configuration,  and  lately  various  probes  using  the 
fluorescence  lifetime  with  a  fibre  optic  configuration  have  been 
developed  [3-7]  together  with  the  introducing  of  new  signal  processing 
schemes  [7,8].  Herein,  a  highly  sensitive  fibre  optic  temperature  probe 
based  on  the  fluorescence  lifetime  of  a  newly  developed  laser  material, 

Cr:LiSAF  (Cr^  -doped  LiSrALF^)  is  presented  over  temperature  range  from 

10®C  to  100®C.  The  material  may  be  pumped  with  light  from  a  solid  state 
laser  diode  operating  in  the  visible  region. 


EXPERIMENTAL  SYSTEM  SETUP 

Figure  1  is  the  schematic  representation  of  the  thermometer.  The 
absorption  spectrum  of  Cr:LiSAF  spans  the  region  from  the  UV  to  that  near 
750nm,  with  a  peak  falling  between  600nm  and  700nm  [9],  and  thus  a 
.'isible  laser  diode  with  lasing  wavelength  at  670nm  and  ImW  of  optical 
power  output  can  efficiently  pump  the  Cr:LiSAF  sample  used  as  sensor 
element,  to  induce  a  fluorescence  response  from  the  sample  with  a 
sufficiently  high  signal-to-noise  ratio  to  be  detected.  The  long-pass 
filter  placed  before  the  photodetector,  shown  in  Figure  l,i8  used  to  cut 
off  the  unwanted  pumping  light  which  would  otherwise  fall  on  the  detector 
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stage  and  thus  it  allows  only  the  fluorescence  response,  which  ranges 
from  700nm  to  farther  into  the  infrared,  to  be  detected. 


Modulation  I 
signal 


collinator 


Laser  Diode 
Driver 


1x2  fibre 
coupler 


Fluorescence 

response 


Cr :LiSAF 


Long-pass 
filter  (BG3) 


Hard  clad  silica 
fibre  (200Me/230^) 


Figure  1  Schematic  of  the  thermometer. 

As  indicated  in  Figure  1,  the  signal  processing  module,  the  'lifetime  r 
converter, '  works  in  a  feedback  loop.  Its  output,  a  TTL  compatible 
square-wave  signal,  is  also  used  as  the  modulation  signal  to 
intensity-modulate  the  pumping  light.  The  induced  fluorescence  response 
is  fed  back  to  the  module,  to  regulate  the  modulation  frequency  and  make 
its  period  fit  to  the  measured  fluorescence  lifetime.  Then,  the 
square-wave  lifetime  output  is  obtained  with  its  period  proportional  to 
the  measured  fluorescence  lifetime.  By  using  such  a  signal  processing 
scheme,  a  high  degree  of  resolution  in  the  fluorescence  lifetime 
measurement  can  be  achieved.  A  detailed  discussion  of  this  signal 
processing  scheme  was  presented  in  the  previous  work  of  the  authors  [8]. 

The  configuration  of  the  temperature  probe  is  also  depicted  in  Figure  1. 

The  size  of  the  CrxLiSAF  sample  is  about  0.5x0. 6x0. Smn^.  It  is  housed, 
using  optical  adhesive,  on  the  sensor  port  of  a  1x2  bidirectional  fibre 
coupler  made  from  200/im  hard  clad  silica  fibre. 


EXPERIMENTAL  RESULTS 

The  calibration  of  the  thermometer  was  undertaken  in  a  water  bath  in  the 

o 

region  0-100  C.  The  calibration  curve  of  the  fluorescence  lifetime 
against  temperature  is  depicted  in  Figure  2,  together  with  that  of  the 
corresponding  normalised  fluorescence  intensity.  It  shows  that  the 
Cr:LiSAF  fluorescence  lifetime  decreases  monotonically  with  the 
temperature  increase,  though  it  is  rather  insensitive  to  temperature 
variance  around  0  C  or  below.  Beyond  about  5  C,  the  fluorescence 
lifetime  drops  more  and  more  sharply  with  temperature  increase.  That 
indicates  that  the  absolute  value  of  the  temperature  sensitivity  of  the 
Cr:LiSAF  fluorescence  lifetime  increases  with  temperature  increase.  The 
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significance  of  such  a  sensitivity  increase  is  shown  clearly  in  Figure  3, 
with,  for  comparison,  the  case  of  ruby,  which  was  used  in  several  optical 
thermometer  schemes  based  on  fluorescence  lifetime  [2,6,8].  The  relative 
sensitivities  of  the  two  materials  may  be  calculated  from  the  following 
formula: 


Relative  sensitivity*  (Ar/r)/ATemp  ; 

r  is  the  fluorescence  lifetime;  Ar  and  ATemp  are  increments  of  the 
fluorescence  lifetime  and  temperature  respectively. 


fJ,S 


Figure  2  Fluorescence  lifetime  (solid 

line)  and  fluorescence  intensity 
(dashed  line)  as  functions  of 
temperature. 


(I/I00*C) 


Figure  3  Relative  sensitivities  of 
Cr  LiSAF  and  ruby  over 
the  range  showed 


With  0.7s  response  time,  the  standard  deviations  of  consecutive 
measurements  and  the  sensitivities  of  the  lifetime  to  temperature  at 
typical  temperature  points  are  listed  in  Table  1. 

Table  1.  Standard  deviations  of  consecu¬ 
tive  laeasureiDents  In  the  laboratory, and 
sensitivities  of  fluorescence  lifetime 
to  temperature. 


Temperature 

"c 

""n-l 

Sensitivity 

10 

0.023  ®C 

-62.9 

20 

0.0095  ®C 

-151.6 

30 

0.0052  ®C 

-278 . 2 

35 

0.004  °C 

-355.6 

36 

0.0039  "C 

-372.3 

37 

0.0037  “c 

-389 . 3 

40 

0.0032  ®C 

-442.6 

50 

0.0022 

-644.9 

60 

0.0016  ®C 

-885.1 

Discussion 

From  the  data  listed  in  Table  1,  under  laboratory  conditions  the  standard 
deviation  of  the  measurements  recorded  is  better  than  0.01**C,  within  the 
20  C  and  50  C  region,  the  temperature  region  most  concerned  in  biological 
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applications.  This  is  the  best  result  by  way  of  sensitivity  that  has 
been  achieved  from  the  authors'  testing  of  a  variety  of  fluorescent 
materials,  e.g.,  Nd:YAG,  Nd:glass  and  ruby,  in  this  particular 
temperature  region.  That  is  mainly  due  to  the  significant  increase  of 
the  temperature  sensitivity  of  the  Cr:LiSAF  fluorescence  lifetime, 
particularly  beyond  20  C,  (with  reference  to  Figure  3).  The 
comparatively  short  lifetime,  from  ~61fia  at  0°C  to  -■48/is  at  60 **0,  (long 
enough  to  be  measured  without  requiring  special  high  frequency  electronic 
components  for  signal  processing)  also  yields  the  better  performance  from 
Cr:LiSAF.  For  example,  the  ruby  fluorescence  lifetime  is  about  50  time 
longer  than  that  of  Cr:LiSAF.  That  means  that  within  a  same  period  of 
time,  about  50  times  as  many  measurements  may  be  made  using  Cr:LiSAF  as 
are  made  using  ruby,  using  a  scheme  making  one  measurement  per  period. 
Simply  by  the  means  of  data  average  processing,  with  the  same  response 
time',  the  standard  deviation  of  measurements  in  the  case  of  Cr:LiSAF  over 
a  fixed  time  response  period  can  be  expected  to  be  much  less. 

To  improve  further  the  performance  of  the  thermometer,  experiments  were 
carried  out  to  coat  the  Cr:LiSAF  sample  (shown  in  Figure  1)  with  proper 
dielectric  reflecting  material,  such  as  titanium  dioxide.  With  the 
coating,  the  effect  of  the  excitation  light  could  be  amplified  by 
multiple  reflection  and  more  fluorescence  collected.  Furthermore,  the 
coating  can  stop  the  bright  excitation  light  spreading  out  into  the 
patient  on  whom  the  measurement  is  to  be  made. 

The  material  is  not  particularly  suitable  for  use  beyond  100°C  due  to  the 
further  shorting  of  the  lifetime  [10]  and  the  reduction  in  the  emitted 
fluorescence  intensity  (shown  in  Figure  2).  Other  materials  are  being 
studied  for  use  in  higher  temperature  regions. 
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ABSTRACT 

The  described  work  concerns  the  study  of  a  fiberoptic  alarm  system  for  a  real-time 
temperature  proHling  in  hazardous  environments.  Such  a  system  comprises  twelve  fiberoptic 
temperature  sensors  which  are  interrogated  by  using  an  OTDR  technique. 

1.  INTRODUCTION 

The  possibility  of  performing  remote-detection  measurements  in  hostile  environments  and 
of  achieving  continuous  monitoring  of  a  large  number  of  parameters,  is  often  essential.  Among 
the  various  physical  and  chemical  quantities  measured  by  optical  fibo^,  heat  and  temperature 
monitoring  is  essential  for  industrial  process  control,  engine  monitoring,  medical  and  biomedical 
instrumentation.  In  such  applications  measurements  can  be  required  to  be  made  at  a  number  of 
locations;  then  it  becomes  desirable  to  connect  numerous  sensors  into  a  simple  optical  fiber 
network,  which  are  located  remotely  from  the  signal  processing  site. 

There  have  been  a  number  of  different  approaches  to  sensor  multiplexing  which  have  been 
systematically  overviewed  by  R.  Kist‘.  Among  these,  the  Optical  Time  Domain  Reflectometry 
(OTDR)  technique,  seems  particularly  suitable  to  combine  a  number  of  reflective  microswitches. 

This  paper  describes  a  fiber-optic  alarm  system  allowing  a  remote  monitoring  of  twelve 
reflective  sensors  which  are  sensitive  to  the  temperature  variations. 

2.  WORKING  PRINCIPLE  OF  THE  SENSOR 

The  working  principle  of  the  sensor  we  have  realized  is  well  known,  since  it  is  based  on 
the  deformation  of  a  bimetallic  strip  with  the  temperature.  According  to  this  principle, 
microswitches  have  been  already  proposed^  However,  our  device  differs  from  such 
microswitches,  making  use  of  a  novel  design  which  can  permit  measurements  of  ten^rature  in 
a  wide  range  (tens  of  degrees). 

The  basic  design  of  the  sensor  is  sketched  in  Fig.  1.  Two  quarter-pitch  microlenses  are 
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Figure  1  -  Sketch  of  the  sensor  probe 


97 


used:  the  first  one  is  connected  to  the  illuminating  fiber,  while  the  other  one,  having  a  reflecting 
coating  applied  on  the  external  face,  is  placed  on  a  bimetallic  strip.  Light  coming  from  a  fiber 
is  focussed  by  the  first  microlens,  passes  through  the  second  microlens,  is  then  reflected  by  the 
reflecting  coating,  and  is  collected  by  the  same  fiber  after  it  has  passed  a  second  time  trough 
the  microlenses. 

For  an  estimation  of  the  behavior  of  such  an  optical  system^ 
reference  is  made  to  the  model  shown  in  Fig.2.  On  the  basis  of 
trigonometric  considerations,  the  coordinates  (r,,,  of  a  meridional 
ray  coming  out  from  the  optical  system  is  related  to  the  coordinate  (rj, 

©^  of  the  entering  ray  by  the  equation: 


tanOg =tan6| -2'h•)/Ar^  -  (nJn)'Ar^iD-hiana)i^-ts^l^)• 

whereWA  =  the  quadratic  gradient  constant  of  the  GRIN-rods, 
no  =  the  refractive  index  on  the  GRIN-rod  axis, 
ng  =  the  refractive  index  of  the  inteiposed  medium, 

D  =  the  longitudinal  separation  between  microlenses, 
h  =  axial  separation  between  microlenses 
a  =  angular  misalignment  between  microlenses 

the  following  approximations  can  be  introduced: 

Alaiia<D 

Ar^<l 


Figure  2  -  Model  of 
the  q>tical  system 


thus  obtaining 


0^ 


it  thus  follows  that: 

the  coordinate  r,  of  the  output  ray  undergoes  only  small  variation  with  respect  to  the 
coordinate  Tj  of  the  input  ray;  thereby,  practically  all  the  rays  injected  by  the  optical  fiber  into 
the  optical  system,  leave  the  system  (after  having  gone  twice  tlrough  it)  in  correspondence  of 
the  same  position  in  which  they  are  injected, 

the  coordinate  ©o  is  dependent  on  the  lateral  displacement  h. 

For  an  evaluation  of  the  response  (output  powerdnput  power)  of  the  micioswitch  as  a 
function  of  the  lateral  displacement  h,  a  Gaussian  far  Held  of  the  optical  fiber  is  assumed,  and 
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a  100x100  grid,  covering  the  ranges  {-R„+Rf}  and  is  considered.  The  numerical 

integrations  of  the  illuminating  light  power  distribution  in  the  domains  { |0||^6f,|r,|^Rf}  and 
{ (0o|^0f,|ro|:^f}  give,  respectively,  the  illuminating  and  the  backreflected  light  power.  By 
utilizing  D=0.5  mm  and  0^^300  pm  the  integrations  give  the  results  which  are  displayed  in 
Fig.3  (dotted  line). 


3.  EXPERIMENTAL  REALIZATION  OF  THE  PROBE 


Each  probe  makes  use  of  a  50/125  graded-index  fiber  and  two  Selfoc  GRIN  rods  (Nippon 
Sheet  Glass  Co.,  SLW-l.8-0.25p-0.83,  having  >/A=0.337  mm*  and  no=1.599).  The  din^nsions 
of  the  bimetallic  strip  are  16x3x1  mm,  and  the  alignment  of  the  microlenses  has  been  performed 
at  room  temperature. 

The  behavior  of  the  sensors  have  been  experimentally  measured  by  varying  the  lateral 
displacement,  h;  a  typical  result  is  displayed  in  Fig.3  and  compared  with  the  calculated  one. 

For  calibration  purpose  each  probe  has  been  dipped  into  a  thermostatized  bath  and  the 
response  vs.  lateral  displacement  h  has  been  measured.  Figure  4  shows  a  typical  calibration  curve 
in  the  20-60“  C  range.  A  resolution  of  »  0.2  “C,  has  been  achieved. 


«i9trlrn«^l  cokuletod 

Figure  3  -  Behavior  of  the  response  of  the 
device  vs  the  lateral  displacement 


Figure  4  -  Typical  calibration  curve 


4.  MULTIPLEXING 

Twelve  temperature  sensors  have  been  combined  according  to  a  reflective-tree  basic 
topology  which  has  been  constructed  using  eight  "Gould"  riber  directional  couplers  (one  2x2,  two 
1x3,  and  six  1x2).  The  fibers  cotmecting  the  sensors  have  such  a  length  so  that  the  optical  paths 
(electrooptic  unit  -  sensor)  differ  about  40  cm  ftom  each  other. 

The  sensors  are  interrogated  by  using  a  Time  Division  Multiplexing  technique.  For  such 
a  purpose  an  "Opto-Electronic"  millimeter  resolution  OTDR  system  has  been  used.  The 
photograph  of  Fig.  5  shows  a  temperature  profile  which  has  been  measured  by  applying  the 
sensors  on  the  surface  of  a  heated  Ix^y.  In  spite  of  the  great  number  of  both  sensors  and  couplers 
the  signal  levels  are  high,  since  the  sensors  are  reflective-type.  This  could  make  possible  to 
increase  the  number  of  sensors  up  to  several  tens. 
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5.  CONCLUSIONS 


A  fiberoptic  network  prototype  has 
been  tested  for  monitoring  a  number  of 
temperature  sensors.  The  temperature  profile 
of  a  heated  body,  which  was  located  in  a 
hazardous  environment,  has  been  measured. 

Insertion  losses  of  both  couplers  and 
sensors  are  usually  a  critical  parameter  in  this 
kind  of  networks,  since  they  limit  the  number 
of  the  allowed  sensors.  Twelve  sensor  have 
been  addressed  in  our  system.  However,  the 
performed  measurements  show  to  be  possible 
addressing  a  much  larger  number  of  sensors. 
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Introduction. 

The  unique  characteristics  of  elliptical  core  two-mode  optical  fibers  make  new 
solutions  available  within  the  field  of  fiberoptic  sensors  [1].  Their  optical  propagation 
characteristics  under  static  perturbations  have  been  examined  in  detail  [2]. 

Such  fibers  have  also  proved  suitable  in  all-fiber  device  development,  where 
intermodal  couplers  [3],  mode  filters  [4]  and  acousto-optic  frequency  shifters  [5]  have  been 
demonstrated.  In  addition  these  fibers  have  recently  been  suggested  for  smart  structure 
applications  [6]. 

Fiber  characterization  and  system  development  work  often  require  strict  control  of  the 
modal  energy  distribution.  This  can  to  some  extent  be  achieved  by  proper  excitation 
conditions  or  with  static  microbend  couplers.  In  our  experience,  however,  the  acousto-optic 
modal  coupler  [5]  provides  excellent  means  for  modal  control. 

Within  this  context  we  found  it  rewarding  to  investigate  the  strain  and  temperature 
dependencies  of  the  condition  for  phase-matched  coupling  in  the  acousto-optic  interaction. 
In  this  paper  we  present  experimental  results  and  compare  them  with  theoretical 
considerations. 

Longitucliiial  strain. 

The  ideal  acousto-optiq  mode  coupler  giving  complete  mode  conversion  should  satisfy 
the  condition  for  phase-matched  coupling  exactly,  i.e.  the  acoustic  wavelength,  X,  should 
equal  the  optical  b^tlength,  Lg.  Any  deviation  fiom  this  condition  resulting  from  fiber  strain 
or  temperature  changes  causes  inromplete  mode  (X)nversion.  Such  effects  can  be  counteracted 
by  tuning  the  acoustic  frequency  to  satisfy  the  new  phase-matching  condition.  With  strain  this 
can  be  expressed  as; 

6X (strain+frequency) -ftLg (strain)  (1) 


The  term  on  the  right  hand  side  expresses  the  change  in  c^tical  beatlragth  due  to  longitudinal 
strain  and  was  calculated  by  Blake  &  al.[7].  We  obtain  the  term  on  the  left  hand  side  by 
expressing  the  acoustic  wave  as  a  sum  of  two  components  according  to  Mott  [8]  as; 

(2) 


Here,  X,  is  a  low-frequency  approximation  obtained  from  the  dispersion  equation  for  the 
acoustic  flexural  wave  and  \  is  an  additional  term  due  to  the  longitudinal  tension.  These  can 
be  expressed  as 


(3) 
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where  R  is  the  fiber  radius,  is  the  extensional  wave  velocity  for  bulk  fused  silica,  T  is 
the  longitudinal  tension,  p  is  the  density  and  f  is  the  acoustic  fh^iuency.  Equation  (1)  may 
be  differoitiated  with  respect  to  strain  and  acoustic  frequency  using  the  relations 


M— vli 

R  1 


Y-Yoll+kJ-^ 


(4) 


wh^  V  is  Poisson’s  ratio,  Yq  is  Young’s  modulus  under  strain-free  conditions  and  is  the 
strain  coeffidmt  of  Young’s  modulus.  Substituting  Eqs.  (2)-(4)  into  Eq.  (1)  we  find  ^t  the 
change  in  acoustic  frequency  necessary  for  maintaining  phase-matched  operation  can  be 
written  in  terms  of  the  appli^  strain; 


^-{JL^-2v-2K(V) 

f  .  2 


. _ 1 _ }±1 


(5) 


i.e.  for  a  small  change  in  acoustic  frequency  it  is  linearly  dq)radrat  on  the  elongation.  At 
low  acoustic  frequencies  its  change  with  strain  depends  mainly  on  the  longitudinal  strain.  The 
absolute  frequoicy  shift  per  unit  strain  increases  with  increasing  acoustic  ftequracy.  The 
relative  frequ^cy  shift,  however,  decreases  with  increasing  acoustic  frequency. 

To  verify  this  theoretical  expression  the  frequency-strain  rdationship  was  measured 
experimentally  using  the  setup  shown  in  Figure  1.  The  acousto-optic  interaction  is  in  the 
stripped  fiber  region.  The  arrangement  for  stretching  the  fiber  is  not  shown.  The  acoustic 
transducer  was  driven  by  a  swept  frequracy  generator  while  the  frequ^icy  spectrum  in  the 
interferoice  signal  at  the  output  was  examined.  Hie  peak  in  this  spectrum  gives  the  optimum 
phase-matching  condition.  Figure  2  shows  the  r^ults  obtained  with  two  different  fibers  and 
compared  with  theoretical  curves.  For  the  LH  fibor  we  have  8f/f  12/11/1  and  for  the  York 
fiber  we  have  df/f»5SUl.  The  agreemait  between  experimoit  and  theory  is  good. 


Temperature. 

The  temperature  dqiendence  of  the  optical  beatloigth  was  calculated  by  Blake  &  al. 
as  well  [7].  In  order  to  obtain  the  change  in  acoustic  wavelength,  we  require  the  temperature 
coefficirat  of  the  extensional  wave  velocity  or  of  Young’s  modulus.  Data  is  scarce  and  we 
have  used  the  temperature  coefficient  of  Ae  relative  delay  for  shear  waves  in  bulk  fused 
silica  [9]  to  obtain  an  estimate  for  the  temperahire  coefficient  of  the  extoisional  wave 
velocity  of  about  80x10^  /”€.  Equating  the  change  in  optical  beatlength  to  the  change  in 
acoustic  wavdragth  we  obtain  the  following  idation; 


whoe  kg  is  the  temperature  coefficient  of  the  extensional  wave  velodty.  a  is  the  linear 
thermal  expansion  coefficient  and  f  is  the  thermo-<^c  coeffidoit  with  typical  values  4x10*^ 
/®C  and  IxlC*  /“C,  req)ectively. 

The  expression  is  dominated  by  the  acoustic  term.  As  an  example,  a  frequency  change 
of  about  15  Khz  is  required  at  an  acoustic  frequracy  of  3.75  Mhz  PMF  820  fiber)  to 
compemsate  for  a  temperature  change  of  50*’C.  The  accuracy  of  the  experimratal  results 
shown  in  Figure  3  is  not  very  good,  but  it  is  confirmed  that  an  increase  in  tempoature 
requires  an  increase  in  acoustic  frequency  to  maintain  phase-matched  (q)«ation. 
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Conclusions. 


The  temperature  and  strain  dependencies  of  the  optimum  phase-matching  condition 
have  been  determined  for  an  acousto-optic  mode  coupler.  Good  agreement  was  found 
between  theory  and  experiment  in  the  case  of  applied  longitudinal  strain.  The  application  of 
longitudinal  strain  alters  the  optimum  frequency  significantly.  This  indicates  that  stretching 
may  be  a  potential  tuning  mechanism  for  such  devices.  The  experimental  accuracy  limits  our 
conclusions  somewhat  as  regards  the  temperature  dependence.  In  both  cases  the  polarization 
dependence  was  found  to  be  within  experimental  accuracy. 

The  results  have  implications  for  the  stability  of  the  modal  energy  distribution  in  few¬ 
mode  fiber  systems  using  mode  couplers.  A  particular  concern  in  acousto-optic  frequency 
shifters  is  the  supression  of  the  remaining  carrier  and  spurious  sidebands.  Any  deviation  from 
the  phase-matching  condition  should  be  minimized  in  order  to  optimize  the  spectral  purity 
of  the  frequency  shifter. 
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Figure  1.  Schematic  of  the  experimental  setup 
(optical  wavelength:  633  nm) 
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Flsure  2.  Strain-  (A 
frequency  relationship. 

(A)  YORK  HB  800  fiber 

(B)  LTI  PMF  820  fiber. 

The  line  shows  the 
theoretical  curve. 

Parameters: 

R  =  62.5  fim 
Cgjjj  =  5760  m/s 
p  =  2200  kg/m^ 

Y  =  7.69x10^°  N/m^ 
ki  =  5.75 
p  =  0.17 
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In-line  Fiber  Fabry-Perot  Interferometer  With 
High-Reflectance  Internal  Mirrors 


C.  E.  Lee,  W.  N.  Gibler,  R.  A.  Atkins,  and  H.  F.  Taylor 
Department  of  Electrical  Engineering 
Texas  A&M  University 
College  Station,  Texas  77843 

Operation  of  fiber  Fabry-Perot  interferometer  (FFPI)  temperature 
sensors  from  -200°C  to  +1050°C  has  been  demonstrated  [1].  These 
sensors  used  internal  mirrors  produced  by  a  fusion  splicing  technique. 
Internal-mirror  FFPIs  have  been  embedded  in  graphite-epoxy  composites 
and  polymers,  where  they  were  used  to  sense  temperature  [2]  and 
ultrasonic  pressure  [ 3 ] . 

Previous  work  on  internal  mirror  fiber  devices  has  utilized 
single-layer  dielectric  mirrors,  with  maximum  reflectances  of  less 
than  10%  for  the  individual  reflectors.  In  this  paper,  the  use  of 
multilayer  films  to  obtain  mirror  reflectances  of  greater  than  85%  in 
a  FFPI  is  reported,  and  data  for  a  thermally  tuned  interferometer  are 

compared  with  model  calculations.  Enhancement  of  sensor  sensitivity 

\ 

through  the  use  of  high-finesse  interferometers  is  discussed,  as  are 
potential  applications  of  internal  mirror  FFPIs  in  communications. 

The  experimental  arrangement  for  testing  a  FFPI  is  shown  in  Fig. 
1.  Light  from  a  fiber-pigtailed  1.3  distributed  feedback  laser  is 
coupled  into  an  input  port  of  a  fiber  directional  coupler  through  an 
in-line  Faraday  isolator.  The  FFPI  is  spliced  to  one  output  port  of 
the  coupler.  Transmittance  and  reflectance  of  the  FFPI  are  monitored 
using  power  meters.  Reflections  from  fiber  ends  are  suppressed  using 
index  matching  gel. 

Internal  mirrors  for  the  FFPI  were  produced  by  a  fusion  splicing 
technique  [1]  in  Coming  single-mode  silica  fiber.  Multilayer  films 
for  the  mirrors  were  deposited  in  a  dc  planar  magnetron  sputtering 
system.  A  seven-layer  quarter-wave  TiO^SiO^  stack  on  a  cleaved  fiber 
end  gave  a  reflectance  of  93%.  The  first  mirror  for  the  FFPI  was 
produced  by  splicing  a  coated  fiber  end  to  the  cleaved  end  of  a 
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second,  uncoated  fiber.  The  mirror  reflectance  after  splicing  had 
decreased  to  86%.  Next,  the  fiber  was  cleaved  a  distance  beyond  the 
mirror  corresponding  to  the  desired  interferometer  cavity  length. 
Another  coated  fiber  was  then  spliced  to  the  cleaved  fiber  end  to 
produce  the  second  mirror. 

The  dependence  of  the  reflectance  and  transmittance  of  the  FFPI 
on  phase  shift  in  the  interferometer  was  characterized  by  thermal 
tuning.  The  FPPI  and  a  thermocouple  were  inserted  in  a  (juartz  tube, 
which  was  positioned  in  a  hole  in  a  copper  block  with  embedded  heating 
elements.  The  reflected  and  transmitted  optical  power  and  the 
thermocouple  reading  were  recorded  as  the  assembly  was  slowly  heated. 
The  refractive  index  of  the  fiber  mode  is,  to  a  good  approximation,  a 
linear  function  of  temperature  in  the  120°  -  140°C  range  where  the 
measurements  were  made  [1].  Thus,  the  thermal  tuning  response  curves 
give  the  dependence  of  reflected  and  transmitted  power  on  round-trip 
phase  shift  in  the  interferometer.  The  results  are  shown  in  Fig.  2 
for  a  9.5  mm  long  Interferometer.  The  calculated  curves  [4]  in  Fig.  2 
utilize  values  for  the  the  mirror  reflectance  R  -  86%  and  the  mirror 
excess  loss  A  »  7.2%.  The  reflectance  value  used  in  the  calculations 
was  determined  from  the  observed  value  of  21  for  the  finesse. 

An  alternative  way  of  testing  FPPis  makes  use  of  thermal  tuning 
of  the  frequency  during  a  laser  pulse  to  produce  a  spectral  response 
curve.  Fig.  3  shows  the  reflectance  vs.  time  of  the  FFPI  in  response 
to  a  20  mA,  750  nsec  square  pulse  superimposed  upon  a  dc  bias  of  25  mA 
for  the  DFB  laser.  The  response  peaks  are  farther  apart  near  the  end 
of  the  laser  pulse  because  the  chirp  rate  is  a  decreasing  function  of 
time. 

Much  better  sensitivity  to  changes  in  temperature,  pressure, 
strain,  or  other  pareuneters  of  interest  can  be  obtained  in 
high-finesse  FFPIs  than  in  sensors  with  low-reflectance  internal 
mirrors  reported  earlier  [1-3].  To  achieve  high  sensitivity,  the 
sensor  must  be  operated  near  the  maximum  slope  of  the  vs. 
phase-shift  curve.  To  achieve  maximum  sensitivity  in  practice,  the 
laser  frequency  can  be  thermally  tuned  by  changing  the  bias  current. 
Our  calculations  indicate  that,  in  comparison  with  an  interferoemter 
with  mirror  reflectances  of  2%  reported  earlier  [1],  the  high-finesse 
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interferometer  increases  the  maximum  sensitivity  to  temperature  or 
other  parameters  of  interest  by  a  factor  of  about  25. 

In  line  fiber  Fabry-Perot  interferometers  are  also  of  interest 
for  use  as  filters  and  discriminators  in  frequency-shift-key  fiber 
communications  systems  [5].  A  finesse  as  high  as  500  was  reported  for 
an  FFPI  in  which  multilayer  dielectric  mirrors  were  epoxied  to  the 
ends  of  a  polished  fiber  [6].  The  internal  mirror  FFPIs  can  also  be 
used  in  this  manner,  with  a  piezoelectric  fiber  stretcher  for  tuning. 
However,  higher  mirror  reflectance  values  (to  give  a  higher  finesse) 
and  lower  mirror  excess  loss  (to  reduce  the  insertion  loss  of  the 
FFPI)  will  be  needed  before  the  internal  mirror  devices  can  be 
competitive  in  this  application. 

In  conclusion,  internal  fiber  mirrors  with  high  reflectance  (86%) 
and  moderate  excess  loss  (7.2%,  or  0.33  dB)  have  been  produced  by  a 
fusion  splicing  technique.  The  mirrors  consist  of  a  7-layer  TiO^SiO^ 
stack  deposited  in  a  magnetron  sputtering  system.  A  finesse  of  21  was 
observed  in  a  Fabry-Perot  interferometer  using  these  mirrors.  The 
data  agree  well  with  model  calculations.  A  sensitivity  enhancement  by 
a  factor  of  25  over  earlier  sensors  using  low- reflectance  internal 
mirrors  is  calculated. 
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meter 

Fig.  1  Experimental  Arrangement 


Fig.  2  Temperature  dependence  of  (a)  reflectance  and  (b)  transmittance 
of  internal  mirror  FFPI.  Solid  and  dotted  line  indicate  the  calculated  and 
measured  data  respectively. 


Fig.  3  Oscilloscope  trace  showing  temporal  response  of  FFPI  reflectance 
to  a  chirped  laser  pulse. 
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Abstract.  Displacement  measurements  in  large-scale  ^ructures  are  used  to  characterize  structural  response 
to  dynamic  excitation.  A  review  oS  the  current  t^licable  sensor  lechndogies  presents  alternatives  to  the 
traditional  accelerograph  method  for  obtaining  those  displacements. 

1.0  Introduction 

The  dynamic  response  of  a  large-scale  structure  (e.g..  building,  bridge,  or  dam)  due  to  wind,  impact,  extr^e,  or 
seismic  loads  is  often  expressed  in  terms  of  the  acceleration,  velocity,  and  displacement  of  the  structure. 

Acceleration  gives  the  forces  acting  on  the  structure  and  the  velocity  characterizes  the  vitnational  en'jgy.  To  assess 
the  response  of  a  structure  for  safety,  structural  integrity,  and  damage  evaluation,  accurate  measurement  of  the 
displacement  of  the  structure  is  needed.  For  example,  in  a  building,  displacements  are  used  to  determine  the  overall 
global  response,  mode  shapes  and  amplitudes,  interstory  drift  (relative  horizontal  movement  of  one  floor  with 
respect  to  another  floor),  stresses  and  strains,  component  (beam  ot  column)  failures,  g:q)s  between  adjacent 
elements,  torsion  (twist  or  rotation  of  a  building  floor  about  a  vertical  axis)  and  overturning  (bending  of  a  building 
about  a  horizontal  axis).  Interstory  drift  is  used  for  structural  and  nonstructural  damage  assessments.  For  example, 
a  typical  20  story  building  may  have  a  relative  displacement  of  the  roof  with  respect  to  the  base  of  the  structure  of 
tens  of  centimeters  [1]  and  the  interstory  drift  between  each  adjacent  floor  may  te  several  centimeters  per  floor. 
Figure  1  shows  a  typical  building  firame  displacement  profile  during  dynamic  excitation. 

Transducers  which  record  structural  accelerations  ate  called  accelerometers  and  are  currently  the  most  widely 
used  method  to  record  the  response  of  structures  to  time-varying  loads.  Accelerometers  utilize  a 
spring-mass-damper  system.  The  acceleration  is  found  by  measuring  the  relative  motion  of  the  mass  with  respect  to 
the  case  of  the  instrument.  To  ensure  that  the  instrament  measures  acceleration,  the  natural  frequency  of  the 
accelerometer  is  high  compared  to  the  frequency  of  the  vibrating  structure.  For  example,  if  an  accelerometer  has  a 
natural  frequency  of  approximately  100  Hz,  it  will  accurately  measure  accelerations  in  the  range  from  0  to  33  Hz 
[2],  which  is  the  range  of  practical  interest  in  structural  studies.  Based  on  the  dynamic  characteristics  of  the 
building,  triaxial  accelerometers,  which  record  motion  in  three  directions,  are  placed  at  various  floor  locations 
throughout  the  building  as  shown  in  Figure  2.  As  a  minimum,  an  instrumented  building  will  have  two 
accelm>meters  to  record  the  relative  horizontal  motion  of  the  building  roof  with  reflect  to  the  base  (e.g.,  one 
acceleromet^  at  the  roof  and  another  at  the  base).  Current  triaxial  fmce  balance  accelerometers  digitally  sample 
data  and  store  the  acceloation  records  in  solid  state  memory,  widi  a  receding  capacity  of  30  minutes.  The 
instrument  is  triggered  when  the  acceleration  exceeds  a  predetermined  threshold. 

Acceleration  is  the  simplest  component  of  structural  motion  to  record  and  provides  much  valuable  information 
about  the  forces  acting  on  the  structure.  Acceleration  alone,  however,  may  not  produce  correct  displacements  due  to 
nonlinear  structural  properties.  Moreover,  torsion  and  strain  are  becoming  more  widely  used  to  determine  structural 
response.  To  obtain  structural  di^lacements,  the  recorded  structural  acceleration  data  must  be  analytically 
manipulated  (filtered  and  doubly  integrated).  Although  integration  is  an  error  diminishing  process,  this  is  still  a 
relatively  imprecise  way  to  obtain  displacements  and  the  accuracy  is  questioned.  Consequently,  the  development  of 
a  sensor  which  can  directly  measure  displacements  can  lead  to  a  more  durable,  robust,  and  affordable  instrument 
which  provides  more  accurate  and  reliable  estimates  of  structural  response. 

2.0  Techniques  for  the  Measurement  of  Structural  Displacement 

As  mentioned  above,  accelerometers  are  currently  used  to  measure  structural  displacements.  Other 
technologies  currently  exist,  however,  which  enable  displacements  to  be  measured  in  terms  of  the  frdlowing  physical 
quantities:  acceleration  receded  by  sensors  other  than  the  traditional  force  balance  type,  directly  as  displacements 
vibrational  frequency  content,  or  strain.  These  technologies  and  the  various  sensor  types  available  to  record  the 
various  physical  parameters  are  summarized  in  Table  1  and  discussed  below. 
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2.1  Acceleration  Measurement 


One  possible  solution  to  improve  the  accuracy  of  derived  structural  displacements  is  to  improve  the  accuracy  of 
the  initial  measurement  by  using  a  more  sensitive  accelerometer  such  as  a  llbo'  opdc  or  silicon  miciomachined 
sensor.  Sevoal  designs  of  fiber  optic  accelerometers  have  shown  great  resolution  and  dynamic  range.  One  fiber 
optic  accelerometer  listed  in  Table  1  uses  a  nonlinear  displacement  to  strain  conversion  which  is  highly  accurate  in 
recording  firequencies  down  to  DC  [3].  The  ability  to  record  frequencies  down  to  DC  is  impcHtant  since  large-scale 
vibration  typically  takes  place  in  the  frequency  range  of  0  -  33  Hz.  The  displacements  obtained  by  fiber  optic 
accelerometers,  with  their  added  accuracy  and  frequ^y  range,  would  be  mcne  precise  than  the  frxce  balance 
accelerometers  currently  in  use.  While  these  accelerometers  have  great  sensitivity,  they  are  much  more  complex 
than  the  traditional  accelerometers  and  require  an  int»ferometer  and  a  lock-in  amplifier. 

Recent  advances  have  also  been  made  in  the  area  of  silicon  miciomachined  accelerometers  [4].  While  not  using 
optical  techniques,  the  size  and  resolution  of  these  accelerometers  make  them  particularly  valuable,  as  indicated  in 
Table  1.  Due  to  their  low  cost,  many  more  of  these  silicon  accelerometers  could  be  placed  throughout  a  structure 
than  traditional  accelerometers  thus  giving  more  detailed  response  information.  In  addition,  it  is  possible  that  the 
silicon  accelerometers  could  be  combined  with  other  technologies  to  produce  an  accurate  and  compact  structural 
displacement  sensor. 

2.2  Displacement  Measurement 

Measuring  displacement  directly  would  eliminate  the  error  caused  by  the  filtering  and  integration  of 
acceleration  records.  Table  1  lists  a  number  of  excellent  optical  techniques  for  the  measurement  of  macroscopic 
displacements  which  have  been  recently  developed.  These  techniques  all  require  a  fixed  frame  of  reference.  The 
displacement  sensor  must  remain  fixed  with  respect  to  the  displacement  being  measured.  In  a  large-scale  structure, 
it  is  not  always  possible  to  place  the  sensOT  in  a  separate  frame  of  reference,  but  it  is  possible  that  relative  movement 
can  be  transduc^  into  a  linear  displacement  that  can  be  measured  by  one  of  the  highly  accurate  optical  techniques. 
The  optical  technique  chosen  depends  on  how  the  structural  movement  is  transduced. 

In  order  to  measure  large  di^lacements,  an  optical  potentiometer  arrangement  could  be  used  [5].  The  signal 
level  received  at  the  detector  at  each  end  of  the  fluorescent  fiber  is  dependent  upon  the  attenuation,  which  is  a 
function  of  the  distance  from  source  to  detector.  A  particular  application  would  require  a  fiber  which  is  tens  of 
centimeters  long  so  that  there  is  attenuation  between  the  source  and  detector. 

A  technique  which  is  similar  to  the  color  modulating  filter  method  for  measuring  macroscopic  displacements  of 
these  structures  is  the  genial  neutral  density  filter  [6].  The  reflectivity  of  the  surface  would  vary  linearly  along  the 
length  of  the  filter.  When  the  filter  is  placed  in  the  path  of  an  optical  fiber,  the  intensity  of  the  light  reflected  varies. 
The  color  modulation  and  neutral  density  methods  are  more  compact  than  the  optical  potentiometer,  but  the 
resolution  is  not  as  great  Depending  on  the  application,  this  tradeoff  may  be  acceptable. 

Two  techniques  which  can  measure  small  strokes  with  micron  resolution  are  differential  absorption  [7]  and  the 
micromechanical  frequency  encoded  senses  [8].  The  differential  absorption  method  only  modulates  light  whose 
wavelength  coincides  with  the  absorption  band  of  the  d(q}ed  glass.  A  reference  channel  can  be  added  by  using 
another  wavelength  that  is  not  near  the  absorption  band  making  the  method  more  reliable.  The  micromechanical 
frequency  encoded  sensor  is  capable  of  measuring  larger  displacements  with  approximately  the  same  micron 
resolution. 

The  displacement  measurement  techniques  described  all  have  their  relative  merits.  Each  method  may  be 
applicable  dq)ending  on  its  specific  use.  For  example,  the  techniques  for  measuring  larger  displacements  may  be 
useful  to  directly  record  movement  in  bridges.  It  is  more  likely,  however,  that  they  could  be  used  in  conjunction 
with  other  technologies,  such  as  accelerometers,  to  improve  the  accuracy  of  the  measured  di^lacements. 

23  Vibration  Measurement 

The  optical  techniques  which  measure  vibration  with  excellent  accuracy  are  speckle  modulation  and  position 
sensitive  photodetector.  Speckle  modulation  uses  a  length  of  multimode  fiber  as  the  sensing  element.  Disturbances 
are  ai^lied  along  the  length  of  the  fiber,  changing  the  speckle  pattern.  The  output  is  spatially  filtered  to  convert  it 
into  intensity  modulation  [9].  The  output  represents  the  Fourier  magnitude  qjectnim  of  the  input  disturbance.  If  the 
phase  information  is  also  recorded,  the  time  domain  waveform  can  be  reproduced.  Another  method  which  has  the 
capability  of  measuring  vibration  amplitude  uses  a  position  sensitive  difierendal  photodetector  [10].  A  plastic 
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(^tical  fiber  is  used  to  direct  light  onto  the  differential  photodetector.  The  vibration  amplitudes  can  be  derived  by 
determining  the  amount  light  being  detected  by  each  side  of  the  photodetector.  The  difficulty  in  using  this  type  of 
sensOT  is  that  it  is  designed  to  measure  small  vibration  amplitudes  cm  machines  and  other  equipment,  rather  than 
largo^  di^lacements  of  bridges  and  buildings. 

2.4  Strain  Measurement 

The  direct  measurement  of  di^laconent  may  not  be  possible  in  cntain  situaticms,  but  the  strain  may  be 
measured.  Fot  example,  the  strain  can  be  induced  on  an  optkal  fiber  by  a  microbend  senses  and  detected  using  a 
Mach-Zehnder  interferometer.  The  produced  by  several  microbend  sensors  throughout  a  structure  can  be  easily 
multiplexed  and  collected  at  a  central  point  for  analysis. 

3.0  Summary 

Knowledge  of  displacements  is  important  to  assess  the  re^nse  of  large-scale  structures  to  dynamic  excitation. 
Since  displacement  measurements  can  yield  impmiant  information  about  mode  sluqies  and  amplitudes,  interstory 
drift,  and  tmrsion,  a  more  reliable  and  accurate  method  fOT  determining  them  is  needed. 

The  review  of  the  technologies  presently  available  to  measure  structural  diqilacement  has  been  presented  in 
four  categories.  Since  a  more  accurate  accelerometer  would  yield  better  di^lacement  results,  the  highly  sensitive 
fiber  optic  and  micromachined  silicon  acceloometers  were  examined.  Optical  techniques  for  the  measurement  of 
displacement  were  considered.  Several  of  the  methods,  although  simple,  maintained  a  high  level  of  resolution.  The 
possibility  of  using  fiber  optic  technology  to  measure  a  quantity  such  as  strain  in  a  structure  and  then  exmqxrlating 
the  displacements  was  also  considered.  Future  research  will  be  concentrated  on  attempting  to  combine  the  best 
features  of  each  method  in  order  to  design  an  accurate  sensor  ctqiable  of  recording  the  disi^acements  structures 
during  dynamic  excitation. 
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Table  1.  Technologies  for  the  measurement  of  structural  displacement 


1  Sensor  Tvne 

Description  Specifications 

Comments  1 

1  ••  ......  •  •  ■ 

Fiberoptic 

Scnsidvity:  <  1  pg 

Dynamic  Range:  >  120  dB 

Micnmachined  Silicon 

Scnsidvity:  <  1  ng 

Dynamic  Range:  >  120  dB 

IC  padtagmg:  High  sensitivity;  Requires  doufate 
integradon  to  get  dis{riacement 

Force  Balance 

Standard  techamiogy;  Requires  double  integiadon  to  get 
displacement 

Unettrt^roiapmest  1 

Optical  Potendometer 

Fluoieacent  fiber 

Resoludon:  <  1  mm 
Dynamic  Range:  >  65  dB 

Direa  measurement  displacement;  Simple  design; 
Large  disfdacement  capability;  Requires  fixed  frame  of 
reference 

Color  Modulating  Filter 

Direct  rtteasuremertt  of  displacement;  Simple  design; 

Low  resohidon;  Requires  fixed  frame  of  reference 

Differential  Abaorpdon 

Gradient  doped  attenuator 
placed  in  light  path 

Resoludon:  <  5  pm 

Dynamic  Range:  >  74  dB 

Direct  measurement  of  displacement;  Simple  design; 

High  leaolntion;  Reference  charmel  possiUe;  Requires 
fixed  frame  of  reference 

Micromechanical 

Frequency  Encoded 

Resolution:  <  5  pm 

Dynamic  Range:  >  85  dB 

Direct  measurement  of  displacement;  High  cost;  High 
lesdution;  Requites  fixed  frame  of  reference 

1  VibntdOrt  1 

Speckle  Moduladon 

Fieq.  Range:  10  -  1000  Hz. 

High  cost;  Used  for  snull  asiqrlitude  vibiadon 
environments 

Posidon  Seniidve 
Pbotodetector 

Detector  array  mapa 
vibratory  movement  of 
light  louice 

Fteq  Range:  .5  -  100  kHz. 
Scnsidvity:  .5  A  -  Hz'*^ 

@  IkHz. 

Dynamic  Range:  80  dB 

Requires  post^processing  to  determine  diqdacement: 
Measures  vibiadcn  amplitudes 

r 

1 

StnUtt  1 

Microbend 

Sawtooth  transducer 
distorts  mode  structure  in 
optical  fiber 

Scnsidvity:  approoi.  1  pm 

Applicable  in  high  stress  areas  sudi  as  joints  or 
beun^colnmn  connecdans;  Requires  knowledge  of 
cosidadon  between  strain  and  disidaccment 

j—  dr  — , 
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Hgure  1.  Typical  buUding  disi^accflient  profile. 
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Hgorel.  Instniinenaiion  scheme  for  a  typical 
biiildiiig. 


P10  Remote  Fiber  -  Optic  Strain  Sensing  On  Composites  With 
Simultaneous  Interferometric  and  Polarimetric  Readout 

N.  Furstenau,  W.  Schmidt,  H. -C.Goetting* 

German  Aerospace  Research  Establishment  (DLR) 

Institute  for  Flight  Guidance 
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Flughafen,  D-3300  Braunschweig,  Germany 

Summary 

In  preparation  of  fiber  -  optic  strain  measurements  on  an  air¬ 
craft  wing  the  performance  of  an  interferometric  strain  gauge 
is  investigated.  A  do\ible  -  polarization  Michelson- interfero¬ 
meter  is  employed  for  remote  sensing  of  the  bending  induced 
surface  strain  (up  to  2500  tie)  of  plates  made  from  Carbon  fi¬ 
ber  composites  (CFRP) .  Figure  1  shows  the  arrangement  of  a 
surface  adhered  fiber  -  optic  strain  gauge  (OSG)  with  refe¬ 
rence  (R)  and  sensing  arm  (S)  )  of  equal  length  fixed  nearby  a 
conventional  resistive  gauge  (ESG) .  The  fiber  jacket  is  remo¬ 
ved  in  the  sensing  region.  1  =  distance  between  the  supports  = 
65  mm,  L  =  lenth  of  sensitive  fiber  section  =  44.4  mm  2  Lfii  2 
=  adhesive  covered  sections  with  different  lengths  for  diffe¬ 
rent  experiments  i,  2h  =  thickness  of  plate  =  1  mm.  The 
double -polarization  method  is  en^loyed  for  eliminating  the 
cunbiguity  in  fringe  counting  [1] .  Fig.  2  shows  a  schematic  of 
the  experimental  setup.  A  linearly  polarized  wave  from  a  l  mW 
HeNe  laser  (L)  is  guided  to  the  interferometer  via  5  m  of 
cabled  polarization  maintaining  input  fiber  which  is  connected 
to  the  input  arm  of  a  conventional  3  dB  directional  coupler 
via  a  NTT-FC  single  mode  connector.  A  polarizing  beam  splitter 
(PB)  splits  the  collimated  (G)  output  wave  into  two 
orthogonally  polarized  interference  signals  (horizontal  H, 
vertical  V)  with  different  phase  offset  (4>h  which  are 

guided  to  photodiodes  via  multimode  fibers  (MF^ : 

PoTh,V 

(1)  Ph,V“  -  ^  1  +  MH.V  cos(  +  4»h,v)) 

4(1+MH,v) 

Pq  =  input  power,  T  =>  interferometer  transmissivity,  fi  - 
fringe  contrast,  »  measurand  induced  phase  shift  of  the 

light  wave  in  the  sensing  arm.  The  offset  difference  (A4>iiy  = 
•I*!!  ■  can  be  adjusted  for  the  H-  and  V-  signals  to  be  in 

quadrature.  It  depends  on  the  polarization  states  of  the 
input  and  output  fibers,  the  length  of  the  interferometer 
arms,  and  the  fiber  birefringence.  Usually  two  rotated>le  fiber 
sqeezers  (PCi^2)  the  input  and  output  arm  of  the 

interf erometer '  are  sufficient  to  adjust  the  desired  A4>jjy 
Besides  fringe  counting  by  means  of  an  up -down  counter  (Co)  a 
simultaneous  polarimetric  signal  is  derived  enploying  the 
birefringence  induced  variation  of  A^^uv  under  bending  of  the 
CFRP-plate.  This  analog  signal  allows  for  unambiguous 
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initialization  of  the  incremental  readout  over  the  full 
measurement  range  if  the  variation  |  6  (A4>|{y)  |  <  ir.  Moreover  a 
linear  dependence  of  on  the  birefringence  P  is  required 

which  is  esqpected  under  certain  conditions  [2] 

(2)  “2  /9f  Lf 

is  the  transverse  force  (f)  induced  birefringence  [3]  due 
to  shear  stress  acting  on  those  fiber  sections  Lf  <  L  which 
are  covered  by  the  adhesive  (bf  ~  f  ~  displacement  H)  .  With  Lf 
in  the  order  of  1  cm  a  birefringence  variation  of  1 

rad/cm  is  required  for  initialization  over  the  full  measure¬ 
ment  rouige.  is  measured  via  time  measurement  (T^v,  Tm) 

between  successive  fringes  of  the  two  interference  signals. 
The  symmetrized  H-  and  V-  signals  of  the  readout  electronics 
(RE)  are  fed  into  a  separate  control  unit  (CU)  which  produces 
start  and  stop  pulses  for  a  100  kHz  clock.  A  plastic  housing 
encloses  the  optical  components  of  the  interferometer.  The  ba¬ 
lanced  interferometer  arms  are  protected  by  means  of  a  sili¬ 
cone  tube  between  the  housing  and  the  CFRP  -  sample. 

The  scale  factor  relating  the  nxunber  of  half  fringes  to  the 
bending  of  the  CFRP  -  ScUiple  is  given  by  S  >  6  Sh  with 

gauge  factor  6  =  A«  /  Al  «  A«/6/l  and  strain  -  displacement 
sensitivity  Sh  «  Al/H  ( e  »  relative  strain  Al/L)  .  Following 
[4]  G  is  obtained  as  G  «  1.318  deg//xe  /mm  -  3.66  lurad/fm 
(index  of  refraction  n  «  1.458,  Poisson  ratio  v  •  0.16  and 
photoelastic  constants  pxi  «  0.113,  pi2  ”  0.242).  Sh  is  deri¬ 
ved  by  integrating  the  surface  strain  e  (z)  -  <t(z)/E  along  the 
S- fiber  between  z  ■  0  and  L  (Youngs  modulus  E(;;pHp-2.5  lO^^Pa) . 
Employing  the  well  known  equation  for  the  deformation  of  an 
elastic  bar  uqder  a  central  force  F  we  get  Sh  =  Al/H  «  12  h  L 
(1  -  L/2)  /  1^  -  41.5  ±  1  fm/vm.  The  theoretical  scale  factor 
is  than  obtained  as  S  «  304  ±  10  counts/mm.  Figure  3  shows  the 
experimental  results  of  the  simultaneously  measured  strain- 
displacement  characteristics  obtained  with  the  fiber-optic 
strain  gauge  and  the  resistive  one.  The  CFRP-plate  is  bent  un¬ 
der  an  external  force  employing  the  computer- controlled  motor- 
driven  (MC,  fig. 2)  treuislation  stage.  The  stage  moves  up  to  H 
*>  2.6  mm  and  back  to  the  initial  position  H  »  0,  stopping  af¬ 
ter  each  10  /im  for  automatic  readout  of  the  position  encoder 
and  the  interferometer -up -down  counter.  The  linear  fit  to  the 
data  yields  a  displacement  sensitivity  of  Sg^qp-A^/H  -  306.7 
counts/mm  (standard  error  0.04)  in  good  agreement  with  the 
theoretical  value.  The  maximum  fiber  strain  corresponding  to 
NmayOlO  counts  is  0.25  %  «  2500  •  The  above  value  yields  a 

gauge  sensitivity  G-Sexp/Sn*  7.39*10'^  cotints/fic  /mm-  1.33 
deg//xe/mm,  in  agreemrat  with  the  value  measured  by  Valis 
et.al.[5l,  within  our  experiimental  uncertainty  of  0.03 
deg//xe/mm.  Figure  4  displays  the  residuals  of  the  least  squa¬ 
res  fit  to  the  experimental  data.  It  C2m  be  seen  that  the  hy¬ 
steresis  of  the  OSG  is  not  significantly  larger  than  the  1 
count  (  0.14  fim)  resolution,  corresponding  to  0.1 -0.2  %  (with 
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respect  to  N^^ax)  .  The  deviation  from  linearity  at  low  strain 
values  is  due  to  a  difference  between  the  true  bending  of  the 
plate  and  the  displacement  read  from  the  incremental  encoder. 

Figure  5  shows  two  results  of  simultaneous  strain  and  phase 
measurements,  demonstrating  a  nearly  linear  dependence  of 
on  the  fiber  strain  for  two  different  lengths  Lf.  The  curve 
with  the  small  slope  corresponds  to  the  case  with  the  fiber 
fixed  at  the  end  points  of  the  sensitive  section  only 
(Lf=8.5mm  of  cement  covering  the  sensitive  fiber  section).  The 
linear  fit  to  the  data  yields  A*ijv/2irrad  *  0.72-2.72  10“^ 

Al/COUNTS.  The  large  slope  curve  is  obtained  with  Lf»=22mm 
covered  by  the  cement.  In  agreement  with  (2)  A^jjy  exceeds  ir 
already  at  a  strain  of  320  counts.  The  fit  yields  A4»Hv/27rrad  * 
0.65-1.03  10'^  Al/COUNTS.  Based  on  (2)  and  the  linear 

dependence  of  /?£  on  H  the  two  measurements  can  be  used  for 
obtaining  an  estimate  of  the  shear  stress  induced 

birefringence  at  a  certain  displacement  H.  Eit^loying  the 
parcuneter  values  of  the  linear  fits  to  the  data  we  get  - 
0.5  rad/cm  for  Al  300  counts  (corresponding  to  Hslmm)  .  Small 
periodic  deviations  from  the  linear  behavior  are  thought  to  be 
due  to  inperfect  polarization  splitting  and  mode  coupling.  It 
is  expected  that  better  optical  components,  careful 
polarization  adjustment  and  inprovements  of  the  phase 

measurement  unit  will  inprove  the  polarimetric  signal . 

As  a  first  test  of  the  system  outside  the  optics -laboratory, 
strain  measurements  under  longitudinal  stress  are  performed  on 
CPRP- samples  enploying  a  hydraulic  force  frame.  Pig. 6  shows 
the  simultaneously  obtained  strain- displacement  characteri¬ 
stics  of  the  optical  and  electrical  strain  gauge.  The  measure¬ 
ment  procedure  is  the  same  as  described  above.  The  maximum 
displacement  corresponds  to  c  >»  0.2  %.  Despite  vibrational 
disturbance  corresponding  to  ±1  fringe  the  0S6  in  the  fringe 
counting  mode  yields  the  correct  linear  characteristic  and 
conpares  favorably  with  the  electrical  gauge.  The  increased 
noise  is  due  to  the  inductive  position  encoder. 
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Introduction  and  principles 

Although  bulk  tqKic  unsional  vibrometers  are  commercially  available  [1],  similar  sensors  based  on  (q>tical 
fibre  technology  have  not  been  repotted,  to  our  knowledge.  Fibre-optic  torsional  vibrometers  tefxe^t  a  clas 
extrinsic  fibre-optic  sensm*  [2].  We  have  developed  two  new  fibre-optic  sensors  which  may  be  classified  as  either 
differential  or  reference  instruments.  These  are  based  on  the  Laser  Doppler  principle  and  are  fabricated  with  single 
mode  fibres  and  associated  components.  The  major  advsuitage  of  basing  the  instrument  on  tqitical  fibres  is  that  it 
allows  both  a  flexible  light  guide  between  the  optical  source  and  processing  electronics  and  the  possibility  of  a 
miniature  but  rugged  lightweight  probe  to  be  deployed  in  the  measurement  volume,  greatly  enhancing  the 
applicability  of  the  technique.  The  instrument  can  be  used  conventionally  in  a  'line  of  sight  mode’  at  deployed  in 
inaccessible  areas.  It  would  be  feasible  to  design  a  probe  which  could  be  mounted  inside  an  engine  to  monitor  the 
rotation  of  intonally  mounted  shafts  etc.  The  differential  mode,  like  bulk  torsional  vibrometers,  has  the  advantage  of 
direction  independent  instantaneous  measurement.  The  reference  mode  has  similar  applications  and  the  advantage 
that  measurements  can  be  made  with  significantly  lower  optical  power  when  compared  to  the  differential  mode. 

When  two  parallel  monochromatic  laser  beams,  with  intensities  E^oi  ^^02  reflectively,  illuminate  a 
rotating  object  as  shown  in  Figure  1(a)  the  frequency  of  the  backscattered  light  from  each  beam  will  be  Doppler 
shifted.  The  shifts  Avi  and  AV2  are  dr^ribed  by, 

AVI  -  -  ,i„e  ;  =  (1) 

where  to  is  the  angular  frequency  of  the  rotating  object,  Ri,  R2.  ai  and  02  are  as  shown  in  figure  1(a)  and  6  is  the 
angle  between  the  light  beams  and  the  direction  of  the  shaft  axis.  The  geometry  is  such  that  the  backscattered 
be^s  are  perpendicular  to  the  axis,  sind  =  1.  When  these  two  backscattered  beams  are  mixed  and  interfere,  their 
beat  frequency  Av  can  be  expressed  as : 

Av*  Av2- Avi  =  (2) 

Clearly  this  is  only  dependent  on  the  angular  rotation  frequency  m,  the  beam  separation  d  and  the  laser 
wavelength  X.  It  is  independent  of  both  the  shape  of  the  rotating  object  and  the  direction  of  the  parallel 
illuminating  beams.  Non-torsional  vibration  modes  will  contribute  equal  components  to  Avj  and  AV2.  hen^  Av  is 
independent  of  translational  motion  of  the  rotating  object  Figure  1(a)  also  shows  a  fibre-optic  implementation  of 
the  torsional  vibrometer.  The  system  is  basically  a  fibre  optic  Michelson  interferometer  with  two  auto  collimating 
probes  (figure  1(b))  mounted  at  the  distal  ends  of  the  fibre.  The  signals  returned  from  the  probes  will  consist  of  both 
light  backscatteii^  from  the  rotating  object  and  light  internally  reflected  from  the  fibre  ends  and  lens  surfaces.  The 
internally  reflected  light  may  be  reduced  by  using  angled  fibre-ends  and  anti-reflection  coatings.  Assuming  a  single 
source  of  internally  reflected  light  the  resultant  photodetector  current  output  Ipd  can  be  expressed  by, 

Ipd  *  ( r -^p  )(  Eoi2  +  £02^ )  +  2pEoiEo2  cos  (Avt  +  A^i) 

+  2yJ  rp(Eoi2+Eo22)  (  Eoi  cos  (AVit  -»■  A^qi)  +  E02  cos  (AV2t  A(^02)  (3) 

where  p  is  the  backscattering  intensity  coefficient,  which  is  dependent  on  the  object's  surface  {voperties,  r  is  the 
reflected  intensity  coefficient  and  A<^j  (ij=0,l,2)  is  the  phase  of  each  signal.  Ignoring  the  dc  term,  the  detector 
current  ouqiut  comprises  two  terms  containing  information  about  the  velocities  of  locations  (1)  and  (2)  and  a  third 
term  containing  the  beat  frequency  signal  resulting  from  the  mixing  of  backscattered  light  The  strengdis  of  these 
signals  depends  on  the  relative  power  levels  of  the  reflected  and  scattered  light  In  the  limit  where  r«p.  the 
photodetecuv  output  contains  the  beat  frequency  component,  which  is  independent  of  beam  direction.  For  the 
condition  r»p  the  photodetector  current  essentially  contains  only  the  two  individual  backscattered  frniuency  i^fted 
components  Avi  and  Av2.  These  may  be  electronically  combined  to  give  the  beat  frequency.  From  Figure  l(a>. 

Av  =  Avr+  =  IAV2I  +  lAvil  ( I  Rj cosoj  1 5  d,  i  *  1  and  2  )  (4a) 

Av  =Avr_  =  IIAV2I-  lAvill  ( I  Rj  cosai  1 2  d.  i=lor  2)  (4b) 

The  condition  given  by  equation  (4a)  is  that  the  two  illuminating  critical  beams  are  on  t^iposite  sides  of  a 
line  parallel  to  them  which  passes  through  the  centre  of  the  rotating  object  The  condition  given  by  equation  (4b)  is 
that  the  two  beams  are  both  on  the  same  side  of  the  centre  line.  Thus,  the  relative  positions  of  the  two  beams  must 
be  known  to  determine  which  'mixed'  frequency  corresponds  to  Av.  Thus  this  system  may  be  operated  in  two 
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r^imes: 

(i)  A  reference  mode  when  n»p,  where  unambiguous  data  can  only  be  recovered  if  the  system  is  set  up  lo 
fulfil  condition  (4b)  and  (ii)  A  differential  mode  when  r«:p.  in  this  mode  of  (^)eration  any  fiequency  shifts  arising  as 
a  result  of  relative  motion  between  the  shaft  and  probes  are  not  detected. 

Experimental 

As  shown  in  figure  1(b),  the  probe  comprises  two  lenses.  The  first  lens  is  used  to  expand  the  beam  radius  and 
collimate  it  into  a  parallel  beam,  the  second  is  used  to  focus  the  illuminating  beam  onto  the  object  These  lenses 
also  collect  the  scattered  light  and  focus  it  back  into  the  optical  fibre.  When  a  Gaussian  beam  is  brought  to  a  focus 
by  a  lens  the  focused  spot  has  a  minimum  diameter  (2(i)o  =  ’H'iklnvi)  termed  the  beam  waist  [3].  This  strongly 
influences  the  system  perftxmance.  The  finite  diameter  of  the  beam  at  the  object's  surface  gives  rise  to  a  qxead  in 
the  observed  Doppler  shift  of  the  backscattered  light  The  resolution  of  the  system  is  limited  by  the  resulting 
spectral  linewidth  of  the  Doppler  signal.  The  'length*  of  the  waist  determines  the  tolerance  of  the  system  to 
fluctuations  in  received  backscattered  power  due  to  changes  in  the  wcxking  distance.  The  waist  diameto'  also 
influences  the  required  laser  power  as  this  determines  the  power  density  at  the  illuminated  object  surface,  and  hence 
the  scattered  light  power.  The  probe  must  therefore  be  designed  with  a  light  gathering  i»wer  (NA)  sufficient  to 
collect  the  badKcattered  light  with  an  adequate  S/N  ratio.  In  our  experiments  the  first  I^  is  a  micro  ball  lens  with  a 
diameter  of  3mm  and  focal  length  of  1.64mm.  The  second  lens  is  of  30mm  focal  length.  The  optical  fibre  has  a 
mode  diameter  of  ~  S|im,  hence  the  theoretical  beam  waist  diameter  is  approximately  66|im.  The  jxobe  diameter  is 
Smm  and  beam  separation  is  12.SSmm.  The  l/e^  intensity  diameter  at  the  centre  of  Li  is  ~  400(im,  hence  with 
suitable  microlenses  the  diameter  of  each  probe  could  be  <lmm  allowing  a  beam  separation  as  small  as  1mm. 

Reference  mode:  In  this  configuration  the  distal  ends  of  the  fibre  coupler  ouq)ut  arms  were  approximately 
perpendicularly  cleaved.  This  provides  a  relatively  strong  reflection  to  form  the  reference  beam  (r  — ISdB).  With  the 
probe  design  stated  above,  woiking  distances  in  the  range  25  mm  to  35  mm  were  usable.  The  target  was  a  disc  with 
a  coarsely  polished  surface  (p  ~  -60dB),  mounted  in  a  precision  high  speed  drilL  Disc  diameters  in  the  range  30  mm 
to  75  mm  were  available  for  investigation.  The  detector  spectrum  contained  the  two  individual  fiequency  shifted 
components,  however  it  was  not  possible  to  observe  the  differential  beat  signal.  Good  quality  signals  could  be 
obtained  with  input  powers  as  low  as  130tiw.  Furthermore,  experiments  were  also  carried  out  with  difierent  rough 
films  attached  to  the  rotating  disc's  surface.  The  grain  si2«  of  the  films  ranged  from  0.3  pm  to  over  200  pm. 
Rotation  speeds  fiom  3000  to  19000  rpm  were  used.  The  detector  output  spectrum  was  observed  and  for  all  the 
surfaces  the  shifted  signal  levels  were  always  in  excess  of  20dB  above  the  noise  floor.  Figure  2  shows  a  spectrum 
obtained  fiom  a  surface  of  ~  200pm  black  grains  (P60  grit  emery  cloth ). 

Differential  mode:  In  order  to  obtain  a  beat  signal  it  was  necessary  to  attach  reflective  tape  (p  — 35dB)  to  the 
surface  of  the  rotating  disc  and  to  inject  the  maximum  power  possible  into  the  system.  Similar  tape  is  used  with  the 
commercial  unit  Figures  3(a,b)  show  spectra  obtained  from  the  detector  ouqiuL  Each  spectrum  contains  the  two 
backscattered  light  fi^uency  shifts  and  their  beat  frequency.  To  satisfy  the  condition  p  »  r,  it  was  necessary  to  use 
the  reflective  t^  (increase  p)  and  to  reduce  the  internally  reflected  light  (decrease  r).  Figure  3(a)  shows  the  qiectium 
obtained  when  the  fibre  ends  are  simply  cleaved  perpendicular  to  the  fibre  axes.  Clearly  the  individual  frequency 
shifts  (Avi  and  AV2)  are  the  dominant  spectral  components.  Figure  3(b)  shows  the  spectrum  under  similar 
conditions  (excqtt  increased  detector  gain)  with  fibre  end  angles  ~8*  to  the  perpendicular,  reducing  r  by  ~30  dB. 
Clearly  the  beat  frequency  (Av)  is  now  the  dominant  spectral  comfranenL  From  figure  3(b),  the  (-3dB)  linewidths 
of  the  individual  frequency  shifts  are  each  ’4)2  MHz.  This  is  consistent  with  the  geometrically  induct  linewidth 
arising  from  a  disc  position  ~5mm  from  the  waist.  The  beat  fiequency  (-3dB)  linewidth  is  ~0.33  MHz  with  centre 
frequency  13.34  MHz.  Measurements  of  the  beat  frequency  were  made  for  angular  fiequeiKies  in  the  range  3200  to 
19000  rpm.  Hgure  4  shows  a  graphical  comparison  between  the  theoretical  and  experimental  values  of  beat 
frequency  versus  disc  angular  frequency.  The  maximum  deviation  between  theoretical  and  experimental  beat  frequency 
values  is  0.8%  over  this  range.  The  principal  source  of  error  is  thought  to  be  inexact  parallel  alignment  of  the  two 
beams. 

^aasiifement  of  torsional  'jitter*:  Monitoring  the  'jitti^'  on  a  rotating  shaft  is  an  important  factc^  in  diagnosing 
wear  and  preventing  potentially  catastrophic  failure.  If  the  angular  frequency  of  the  object  is  not  constant  then  the 
instantaneous  Doppler  frequency  shift  will  vary.  The  maximum  excursion  of  the  observed  shift  frequency  from  its 
met*"  value  is  then  a  direct  measure  of  the  amplitude  of  the  'jitter'  in  the  rotation.  The  jitter  may  be  monitored,  in 
either  mode,  by  observing  the  beat  frequency  as  before.  The  results  presented  in  figure  5  demonstrate  Ae 
measurement  of  jitter  using  a  fibre-optic  torsional  vibrometer  in  the  differential  mode.  The  rotating  object  was  a  disc 
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driven  by  a  D.C.  motor.  Reflective  uq)e  was  again  attached  to  the  disc.  The  drive  signal  comprised  a  large  D.C. 
current  onto  which  was  superimposed  a  variable  low  frequency  A.C.  component  to  introduce  a  controlled  amount  of 
jitter.  Figure  S  is  a  plot  of  the  apparent  (-3dB)  linewidth  of  the  observed  beat  frequency,  against  die  rqiplied  A.C. 
amplitude. 
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P12  Developments  In  Elliptical  Core  Polarization>Malntaining  Fiber 

George  E.  Berkey 

Corning  Incorporated 
Corning,  New  York  14831 

Polarization  maintaining  (PM)  optical  fibers  are  showing 
promise  in  a  new  generation  of  gyroscope  applications  and 
other  fiber  optic  sensing  systems.  One  of  the  key  obstacles 
to  making  in-roads  in  these  applications  remains  the  long¬ 
term  cost  of  the  PN  fiber.  This  paper  describes  the 
properties  of  an  elliptical  core  fiber  expected  to  meet  the 
long  term  cost  requirements  for  these  applications. 

The  simplicity  of  the  elliptical  core  design  lends  itself 
to  ease  of  manufacture.  A  manufacturing  process  to  make 
elliptical  core  fiber  is  currently  under  development  at 
Corning  that  allows  for  efficient  manufacturing  rates,  blank 
size,  draw  speeds,  and  yield  selects. 

The  main  factors  which  control  the  elliptical  core 
fiber's  performance  are  core  delta,  degree  of  ellipticity 
(aspect  ratio),  and  polymer  coating.  Figure  1  shows  the 
relationship  of  beat  length  versus  weight  %  germania  (delta) 
for  a  germania-doped  core  with  a  constant  aspect  ratio  of  4. 
The  beat  length  potential  is  fundamentally  linked  to  the 
germania  concentration  of  the  core.  The  beat  length  for  any 
given  core  delta  though  is  strongly  influenced  by 
ellipticity.  The  optimum  degree  of  ellipticity  is  between  5 
and  6.  Higher  degrees  of  ellipticity  do  not  improve  the  beat 
length  and  appear  to  make  the  fiber  more  bend  sensitive. 

The  fiber  design  consists  of  a  germania-doped  silica  core 
and  a  silica  cladding.  A  spectral  attenuation  curve  of  an 
elliptical  core  fiber  optimized  for  780nm  operation  is  shown 
in  figure  2.  This  fiber  is  made  by  the  outside  vapor 
deposition  (OVD)  process  is  shown  in  figure  2.  It  consists 
of  a  core  with  a  nominal  40  weight  %  Ge02  and  a  cut-off  of 
700nm.  The  beat  length  is  .8mm.  Figure  3  shows  typical 
h-parameter  temperature  performance  for  a  110m  length  on  a 
60mm  coil  diameter  (aluminum  spool)  at  5  grams  wind  tension. 
The  developmental  fiber  O.D.  was  80  microns  with  a  dual 
acrylate  coating  O.D.  of  175  microns.  Feasibility  of  making 
couplers  from  elliptical  core  fiber  with  low  excess  loss  and 
high  extinction  ratios  has  been  demonstrated  using  Coming's 
multiclad  coupler  process. 
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Abstract 

A  simple  relation  is  reported  for  calculating  the  splitting  of  the  cutoff  wavelengths  of  the 
LP,i^  and  LPn^***^  modes  in  elliptical  cote  fibers.  The  results  match  erqraimental 

observation. 

Introduction 

Many  attempts  have  been  made  to  calculate  the  nxxial  behavior  of  elliptical  core  step 
index  optical  fibers[l]-[7].  Recent  activity  in  two-nKxle  fibers  has  heightened  interest  in 
these  circulations.  However,  the  most  important  modal  chanurteristics  for  two-mode  fiber 
applications,  namely  the  splitting  of  the  cutoff  wavelengths  of  die  even  and  odd  second 
order  modes,  the  beat  lengths  between  the  first  and  second  order  modes,  and  die 
wavelength  at  which  the  first  and  second  orcfer  modes  propagate  widi  the  same  group 
velocity  have  not  been  accurately  predicted.  These  calculations  are  far  more  difficult  than 
predicting  the  general  mode  behavior  since  the  results  depend  on  the  difference  in 
propagation  constants  between  two  modes.  Small  errors  in  individual  mode  calculations 
become  large  errors  in  calculating  these  quantities. 

In  this  pq)er,  we  report  a  simple  model  that  accurately  predicts  the  cutoff  waveloigths  of 
the  LP„  modes.  The  splitting  of  the  cutoff  wavelengths  between  the  even  and  odd  LP„ 
mo(tes  matches  the  experimental  evidence. 

approximation  the  mode  field 

The  procedure  for  calculating  the  propagation  constants  of  the  modes  in  elliptical  core 
fibers  is  the  variational  method  adopted  by  Snyder  and  Love  in  their  text.  Optical 
Waveguide  Theory[S].  The  idea  is  to  guess  the  form  of  the  field  distribution  of  the  mode 
of  interest  and  perform  appropriate  integrals  to  compute  die  propagation  constant  (The 
scalar  wave  equation  is  assumed;  thus  accuracy  is  maintained  provided  A,  the  normalized 
refractive  index  difference  is  small).  Assuming  proper  field  symmetries  are  used,  this 
method  always  yields  a  propagation  constant  value  lower  than  the  true  value.  Equality 
holds  when  the  field  distribution  is  correctly  chosen.  The  error  in  die  calculated 
propagation  constant  is  second  order  in  the  field  error,  howevor,  for  the  pmposes  of 
calculating  any  diffoences  between  two  nKXles,  the  error  becomes  first  order  in  field 
distribution  errors.  Thus,  for  our  purposes  it  is  imperative  that  accurate  field  distributions 
are  chosen. 
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We  have  found  that  desoibing  die  field  of  the  secraid  oider  mode  near  to  cutoff  by  die 
eiq[nession 


Eii(x,y) » i+(x/a)3+(y/b)3 

is  very  accurate.  Here  a  and  b  are  parameters  to  be  adjusted  to  maximize  die  calculated 
propagation  constant  Applying  this  field  to  die  case  of  a  circular  core  stq>  index  fiber 
yields  a  cutoff  value  of  V  s  2.44.  (V  has  its  usual  meaning  and  die  secmid  (xder  modes 
are  exacdy  cutoff  at  2.405  for  circular  c(xe  fibers).  This  descriptkMi  of  die  field  is  much 
more  accurate  than  the  hermite  gaussian  apinoximadon  near  to  cutoff.  It  becmnes  less 
accurate  dian  the  gaussian  qiproximation  at  about  V  s  2.9. 

As  an  aside  we  note  that  using  the  form  for  the  fundamental  mode 


Eoi(*.y)  =  i+(x/a)3+(y/b)3 


(2) 


also  yields  a  much  better  approximation  than  die  gaussian  field  distribution  far  low  V 
values.  Tables  1  and  2  show  conqiaiisons  between  die  exact  results,  die  homite  gaussian 
results  and  the  (l+r^)-^  results  fw  the  first  and  seamd  order  modes  of  circular  core  stq> 
index  fibers.  The  value  of  U  is  tabulated  apinst  V  fix-  easy  comparismi.  (U  has  its 
ccmvendonal  meaning)  - 

Cutoff  wavelength  predictions 

Analysis  of  the  (14t3)'>  dependent  field  yields  the  following  results  fix  the  sectHid  order 
modes: 

i)  The  field  ellipse  major  to  minor  axis  nuio  (a/b)  is  approximately  the  square  root  of  the 
core  ellipse  major  to  minor  axis  ratio.  This  result  is  similar  to  d^  predicted  by  Snyder 
and  Love  for  the  infinite  elliptical  pandwlic  refractive  index  fxofikfS]. 

ii)  The  cutoff  wavelengdi  of  die  even  and  odd  second  mder  modes  «e  predicted  to  widiin 
2%  accuracy  using  s  2.4  indepmdent  of  fiber  core  eilipddty  (iq>  to  3:1)  when 

is  defined  as 


(3) 


where  «dier  a)  A  and  B  are  mi^  and  minor  axes  of  the  cote  and  is  the 
usual  V  niuiiber  calcultted  using  die  miyor  axis  of  the  dli^  as  die  core  diameter  or,  b) 
A  and  B  are  die  minor  and  major  axes  of  the  cote  ellipse  and  is  adculated  using  die 

mintx  axis  of  die  ellqise  as  the  core  diameter.  Sitni^on  a)  desoibes  die  LPii***>  mode 
cutter  and  situadtm  b)  describes  the  LPn^  mode  cutoff.  (Ihe  LPn****  mode  is  defined 
to  have  the  longer  wavelengdi  cutofO*  Equation  (3)  can  also  be  accnrttdy  used  to 
describe  die  fxopagadon  behavitx  of  die  sec^  mda  modes  near  to  cutoff. 
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Using  this  derivation  for  the  second  order  mode  cutoffs  yields  die  following  fnmula 
describing  the  splitting  of  the  cutoff  wavelengths  of  the  second  order  modes  in  elliptical 
core  fiber. 


Vcmoffeveii  3A/B-hl  . 

^cmoffodd 

The  ratio  of  die  even  and  odd  second  mode  cutoff  wavelengths  versus  A/B  is  plotted  in 
figure  1. 

Experimental  verification  of  this  result  consists  of  two  fiber  sanqiles.  A  Polaroid  fiber 
having  core  ellipse  4.1  x  2.2  microns  has  a  predicted  ratio  of  the  cutoff  wavelengths  of 
1.35  and  a  measured  ratio  of  1.3[9].  A  (Brazilian)  Telebras  fiber  having  core  ellipse  8x3 
microns  has  a  predicted  ratio  of  the  cutoff  wavelengths  of  1.59  and  a  measured  ratio  of 
1.63.  The  meaWed  values  agree  with  the  theoretical  values  widiin  experimental  mtxr 
(measured  cutoff  wavelengths  and  refractive  index  profile). 

Condusioiis 

We  have  reported  a  simple  relation  describing  die  propagation  characteristics  of  die  even 
and  odd  second  order  modes  near  to  cutoff  in  elliptical  core  fibers  and  have  accurately 
predicted  their  cutoff  wavelengths.  The  relation  is  good  enou^  to  also  accurately  predict 
the  splitting  of  those  cutoff  wavelengdis.  The  predicted  value  of  the  even  second  order 
mode  cutoff  wavelength  closely  agrees  with  the  prediction  of  reference  [3]  for  low  values 
of  fiber  core  ellipticity  and  widi  the  predictions  of  references  [6],  and  [‘^  for  hi|^  values 
of  fiber  core  ellipticity. 
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P14  Spatially-weighted  Vibration  Sensors  Using  Tapered 

Two-mode  Optical  Fibers 

Kent  A.  Murphy,  Brian  R.  Fogg,  and  Richard  O.  Claus 

Fiber  &  Electro-Optics  Research  Center.  Bradley  Department  of  Electrical  Engineering 
Virginia  Polytechnic  Institute  and  State  University.  Blacksburg.  VA  24061-01 11. 

Ashish  M.  Vengsarkar 

AT&T  Bell  Laboratories.  600  Mountain  Avenue.  Murray  Hill.  NJ  07974 

Two-nxxle  elliptical-core  (e-cote)  fibers  have  been  used  as  efficient  vibration  sensors 
when  operated  in  the  linear  region.^  Such  ruggedized  e-core  sensors  can  perform  as 
vibration-mode  filters  when  placed  appropriately  along  the  vibration  antinodes  of  tlte 
beam.^  We  report  the  development  of  distributed  modal  sensors  using  optical  fiber 
techniques.  The  variable  sensitivity  of  the  fiber  sensors  has  been  achieved  by  utilizing  the 
feature  that  the  differential  propagation  constant  in  a  two-mode  fiber  is  directly  dependent 
on  the  normalized  frequency  (or,  V-number).  Tapering  the  fiber  changes  the  V-number  and 
hence  can  change  the  sensitivity  of  the  sensor  along  its  length.  We  show  that  these  sensors 
are  fiber  optic  analogs  of  shaped,  piezo-electric  modal  sensors  that  have  onerged  recendy 
in  the  area  of  structural  control  ^  and  demonstrate  their  q)plicati(His  for  clan^ped-fiee  one¬ 
dimensional  beams. 


The  fiber  sensor  operates  on  the  principle  of  differential  phase-modulaticm  between  the 
LPqj  and  modes.  The  output  signal  fiom  a  ‘vo-modc  fiber  sensor  is 

sinusoidal  and  can  be  expressed  as 

Mt)  =lo  +  I«  cos  [♦(!)] .  (1) 

where  0  is  the  phase  difference  between  the  LPqi  and  the  modes  and  can  be 

written  as 

♦  (t)=  [  Ap(x)e(x,t)dx,  (2) 

Jo 


where  e  is  the  strain  experienced  by  the  fiber,  is  the  difference  in  the  prc^gation 
constants  of  the  LPqi  and  the  LPjj®''®"  modes,  and  x  denotes  die  longitudinal  direction 
along  the  fiber  axis.  In  Eq.  (2),  the  explicit  dependence  of  A^  on  x  implies  that  the  strain 
sensitivity  can  be  a  functitxi  of  the  length  along  the  beam.  In  order  to  evaluate  the 


vitnadon  modes  of  the  beam,  we  express  strain  as 


e  (x,  t)  = 


3^y(x.t) 

3x7 


(3) 


where  y  (x,  t)  denotes  the  deflection  of  the  beam  away  from  its  equilibrium  point  To 
analyze  a  sensor  fabricated  from  tapered  two-mode  fibers,  the  differential  propagation 
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(Arbitrary  Units) 


constant,  A^,  should  now  be  considered  to  be  an  explicit  fiinctitxi  of  x.  Substituting  Eq. 
(3)  into  (2)  and  integrating  1^  parts  leads  to  tire  equation 


♦(t)=nB(t) 


Q(a4>)  + 


(x)^x)dx  , 


where 


Q(a,b)  =  [Ap(x)v'nW]J-  (Ap'(x)>ft(x)]5 


(4a) 

(4b) 


and  the  prinres  indicate  spatial  derivatives  widi  reqrect  to  x.  The  key  to  die  weighted 
sensing  apireoach  is  that  the  mo^  sluqres  are  orthogonal,  Le., 

I  ^(x)i|^a(x)dx  =  fiBm  .  (5) 

where  5q„,  is  the  Kronecker  delta  and  L  is  the  length  of  the  beam.  (Comparing  Eqs.  (4a) 
and  (5)  leads  one  to  pick  a  possible  weighting  fiinctioi  given  AP"(x)  = 

Except  for  the  contributions  of  (^a,b),  (t>(t)  would  filttn*  out  all  but  die  mth  mode  for  a 
fiber  sensor  spanning  the  entire  length  of  the  beaia  In  Fig.  1  we  have  considered  a  taper 
with  the  minimum  radius  of  the  fiber,  Smin  =  1  lun  and  the  maximum  radius,  =  I.IS 
|im  with  a  linear  taper  over  the  length  of  die  beam  A  direct  siqrerposition  of  the  vibradoi- 
mode  shapes  and  the  AP"(x)  function  for  different  tiqrer  profiles  thus  shows  good 
correlation. 


Rg.  1.  Sqierposition  of  weighting  function  and  ftst*vibration-niode  shape  as  a  fnnctioo  of  nonnalized 
beam  lei^.  Linear  fiber  tidier  and  a  clamped-fiee  bean.  a^jQ  «  1  pm,  a^  »  I.IS  |un.  TheoRiical 
values  obtained  for  cncular-core  fibers. 
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A  conventional  e-core  sensor  was  adhered  to  a  clamped-free  beam.  Output  signals  from 
piezo-electric  patches  attached  to  the  beam  were  compared  to  the  signals  obtained  firom  the 
Hber  sensor.  The  first  three  modes  of  vibration  of  the  beam  were  excited  and  the  ou^uts 
from  the  fiber  optic  sensor  and  the  piezo-electric  patch  were  monitored.  In  Rg.  2  (a),  we 
show  a  fast  Fourier  transform  (FFT)  of  an  oscilloscope  waveform  which  shows  that  the 
sensor  enhances  the  first  mode  of  vibration  in  comparison  with  the  piezo-electric  sensor, 
and  picks  up  other  modes  of  vibration  fairly  well,  with  reduced  sensitivities  on  the  order 
of  2  and  4  dB  for  the  second  and  third  modes,  respectively.  A  weighted  fiber  sensor 
with  a  taper  that  matches  the  AP"(x)  function  to  the  first  mode  of  the  clamped-free  beam 
was  fabricated  on  a  draw  tower  by  varying  the  preform-feed  and  fiber-pull  speeds  as  well 
as  controlling  the  temperature  of  the  furnace.  The  tapers  could  also  be  made  on  a  coupler 
station  used  conventionally  for  fabricating  fused-biconical-tapered  couplers.  The  weighted 
fiber  was  attached  to  another  clamped-free  beam  between  the  same  endpoints  as  in  the 
conventional  case  described  above.  Results  obtained  from  the  weighted  fiber  sensor  are 
shown  in  Fig.  2  (b).  The  FFT’s  of  the  fiber  sensor  and  the  piezo-electric  patch  show  that 
the  second  mode  has  been  suppressed  by  7  dB  and  the  third  mode  by  12  dB  in 
comparison  to  the  piezo-electric  sensor  ou^ut. 


Fig.  2  (a).  Fast  Fourier  transform  of  output  signals  for  clamped-free  beam.  Conventional  e-core  fiber 
sensor  and  piezo-electric  sensor  comparison.  Solid  line:  Fiber  sensor.  Dotted  line:  Piezo-electric  sensor. 
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Fig.  2  (b).  Fast  Fburier  transform  of  oaqwt  signals  for  clamped-free  beam.  Tapered  fiber  sensm  and  piezo¬ 
electric  sensor  comparison.  Solid  line;  Hb^  sensOT.  Dotted  line:  Piezo-electric  sensor. 

We  have  demonstrated,  for  the  first  time  to  our  knowledge,  the  use  of  spatially  distributed 
fiber  c^tic  soisots  with  intrinsic  weighting  functions  for  selective  vibration  modal 
analysis.  Modal  suppressions  of  7  and  12  dB  were  obtained  for  the  second  and  third 
modes  of  vibration,  respectively,  for  a  clamped-free  beam. 
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Fiber  Optic  Depoiarizer 
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3M  Center,  260-5B-08,  St.  Paul,  MN  55144-1000 


Background:  In  a  recent  paper.  Bums  and  co-workers  noted  that: 

"In  many  fiber-optic  applications,  a  definite  state  of  optical 
polarization  is  required  at  the  end  of  a  long  fiber  run.  This 
occurs  in  coherent  communications  on  mixing  with  a  local 
oscillator  and  in  fiber  sensors  to  avoid  input  lead  polarization 
noise  and  polarization  fading."  One  practical  way  around  this 
problem  is  "...  the  use  of  depolarized  light,  which  will  always 
remain  depolarized  independent  of  fiber  birefringence. "[1.] 

This  paper  describes  a  simple,  passive  device  for  depolarizing  light  from  a 
polarized  source  (e.g.,  a  semiconductor  laser)  in  fiber  optic  sensor  systems. 
Theory:  Unpolarized  light  "shows  no  preferential  directional  properties 
when  resolved  in  different  directions  at  right  angles  to  the  direction  of 
propagation. "[2.]  This  is  equivalent  to  having  two  collinearly-propagating 
orthogonally  polarized  beams  (e.g.,  horizontally  and  vertically  linearly 
polarized  light  beams)  of  equal  amplitude  which  add  incoherently.  TTiat  is, 
the  phase  shift  between  their  instantaneous  electric  fields  varies  randomly 
and  quickly  on  the  timescale  of  the  measurement,  so  the  instantaneous  net 
polarization  states  at  the  detector  average  out  or  "cancel"  over  the 
measurement  period. 

A  passive  fiber  optic  depolarizer  based  on  this  principle  is  shown 
schematically  in  Figure  1  below. 

Figure  1  -  Depolarizer  Concept 
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It  consists  of  a  polarization  maintaining,  2x2  fiber  optic  coupler  (made 
from  high  birefringence  optical  fiber),  with  an  asymmetric  splitting  of  the 
output  light  intensities  (preferably  with  a  coupling  ratio  (CR)  >  2/3),  having 
one  "input"  and  one  "output"  fiber  lead  spliced  or  connected  together  such 
that  the  "fast"  birefringence  axes  of  the  two  fiber  leads  are  oriented  at  90° 
with  respect  to  each  other  at  the  splice  point.  This  splicing  will  form  one 
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recirculating  (i.e.,  recursive)  loop  in  the  optical  path.  The  "output"  fiber 
lead  selected  to  form  the  loop  is  the  one  which  gives  the  greatest  light 
output  when  light  is  injected  into  the  chosen  "input"  port,  in  order  to 
maximize  the  amount  of  light  which  gets  recirculated  through  the  loop.  An 
equation  can  be  derived  which  shows  that  for  the  worst  case  the  net 
polarization  of  the  output  is: 


net  polarization  =  (1-CR)  -  (CR)2  X  (-1)“(1-CR)®  =  (2-3CR)/(2-CR). 

m=0 

The  degree  of  polarization,  P,  is  the  absolute  value  of  the  expression  above. 
Solving  for  net  polarization  =  0,  we  find  that  CR  =  2/3  =  0.67.  This 
predicts  that  a  polarization-maintaining  fiber  optic  coupler  with 
a  70/30  splitting  ratio,  assembled  as  shown  above  in  Figure  1, 
with  low  optical  loss  in  the  loop,  should  produce  completely 
depolarized  output.  When  the  angle  between  the  two  "fast" 

birefringence  axes  is  less  than  90*^,  a  higher  coupling  ratio  into 
the  loop  will  be  required  for  complete  depolarization.  This 
behavior  is  qualitatively  verified  in  the  experimental  data  given  below. 
Experiment:  To  test  the  effect  of  varying  the  coupling  ratio  and  the  relative 
angle  of  the  fiber  birefringence  axes  at  the  splice  point  in  the  loop,  the 
experimental  setup  in  Figure  2  was  assembled. 

Light  ^  Figure  2  -  Experimental  Setup 
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The  selected  polarization-maintaining  coupler  had  a  coupling  ratio  which 
varied  strongly  with  wavelength  in  the  region  750  nm  -  1000  nm,  as 
shown  in  Figure  3(a).  The  four  fiber  leads  of  the  coupler  were  each  about 
1  meter  long.  One  "input"  and  one  "output"  lead  were  brought  together 
such  that  their  cleaved  endfaces  almost  touched,  allowing  light  to  be 
transmitted  through  air  from  one  fiber  into  the  other,  thus  forming  a 
recirculating  loop  path  for  light  which  entered  the  coupler  through  the 
other  "input"  lead.  One  Eber  end  was  mounted  in  a  rotatable  fixture  on  a 
translation  stage,  thereby  allowing  the  relative  orientations  of  the  "fast" 
birefringence  axes  of  the  fiber  ends  to  be  varied  through  some  arbitrary 
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angle  (0)  and  allowing  the  loop  to  be  opened  and  closed  by  translating  one 
fiber.  Rotatable  polarizers  were  placed  in  the  optical  path  at  the  input  and 
output  of  the  fiber  system,  in  order  to  measure  the  polarization  extinction 
ratio  under  various  test  conditions.  The  light  source  consisted  of  an  arc 
lamp,  which  had  a  coherence  length  less  than  a  few  millimeters  and 
significantly  less  than  the  length  of  the  two  1  m  long  fiber  leads  making  up 
the  loop.  A  filter  wheel  allowed  any  one  of  a  series  of  10  nm  bandpass 
interference  filters  to  be  placed  immediately  before  the  photodetector,  so 
that  only  light  experiencing  a  narrow  range  of  coupling  ratio  values  was 
monitored  at  a  given  time.  The  input  light  was  first  aligned  with  its 
polarization  direction  matching  one  of  the  birefringence  axes  of  the  input 
fiber  by  iterating  the  position  of  the  input  and  output  polarizers,  with  the 
loop  open  and  no  bandpass  filters  in  the  beam,  until  the  input  polarizer 
position  yielding  the  maximum  extinction  ratio  (ratio  between  the 
maximum  signal  and  minimum  signal  obtained  when  rotating  the  output 
polarizer)  was  found.  The  extinction  ratio  was  then  measured  as  a  function 
of  wavelength,  first  with  the  loop  open,  then  at  a  series  of  relative 
orientation  angles  of  the  "fast"  birefringence  axes  at  the  "splice  point"  with 
the  loop  closed.  This  data  is  shown  in  Figure  3(b).  The  extinction  ratio 
data  is  presented  in  terms  of  decibels  (dB),  where 

dB  =  10  log(extihction  ratio). 

The  open  loop  data  shows  that  the  output  light  was  linearly  polarized  with 
an  extinction  ratio  of  better  than  1000:1  (greater  than  30  dB,  except  at  840 
and  850  nm,  where  weak  arc  lamp  output  and  system  noise  limited  the 
dynamic  range  of  the  measurement  to  28  dB).  The  series  of  closed  loop 
measurements  shows  that  the  output  light  is  more  depolarized  at 
wavelengths  which  have  higher  coupling  into  the  loop.  They  also  show 
that,  for  a  given  wavelength  (i.e.,  coupling  ratio),  as  the  angle  between  the 
"fast"  axes  at  the  "splice  point"  approaches  90°,  the  output  light  becomes 
increasingly  depolarized  (dB  approaches  0)  until,  for  coupling  ratios 
greater  than  2/3,  the  output  may  pass  through  a  completely  depolarized 
state  and  become  "repolarized"  in  the  orthogonal  direction  (negative  dB 
value).  In  this  data,  the  coupling  ratio  required  for  complete 
depolarization  is  greater  than  2/3,  primarily  due  to  the  large  optical  loss  at 
the  air  gap  between  the  optical  fiber  endfaces  at  the  "splice  point". 

A  similar  experimental  system  to  that  described  above  (Figure  2) 
using  a  Sharp  LTOISMDO  laser  diode  source  and  a  coupler  having  CR  =  0.48 
was  also  studied.  Measurements  of  the  Stokes  parameters  (sq,  si,  sz,  S3)  [2.] 
with  the  aid  of  a  Babinet-Soliel  compensator  [3.]  permitted  calculation  of 
the  degree  of  polarization  (P)  [2.],  yielding  the  results  below.  (Note:  Stokes 
parameter  intensity  differences  are  given  in  terms  of  photodiode  currents, 
as  measured  by  a  lock-in  amplifier.) 


135 


So  Si  S2  S3  p 

open  loop  4.63  nA  -4.59  nA  0.040  nA  0.350  nA  0.986 

closed  loop  8.45  nA  -5.07  nA  0.070  nA  0.300  nA  0.601 

Thus,  closing  the  loop  reduced  the  degree  of  polarization  of  the  output 

from  99%  to  60%  for  this  relative  orientation  of  the  birefringence  axes  of 

the  loop  fibers. 

Figure  3(a)  -  Open-Ljoop  Transmitted  Light  Fraction  (1  -  CR)  vs. 
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Figure  3(b)  -  Polarization  vs.  Relative  Angle  of  Birefringence  Axes 
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1. Introduction 

Polarization  maintaining  optical  fiber  couplers (PM 
couplers)  are  indispenscible  conponents  for  optical  fiber  sensors 
and  coherent  optical  communication  systems.  There  are  two 
coupler  fcdsrication  methods.  One  is  a  polishing  method  and  the 
other  is  a  fusion  elongation  method.  The  polishing  method  has 
advcuitages  in  excess  loss  and  crosstalk, but  has  some  problems  in 
mechanical  eUid  thermal  stability(^) .  As  for  the  fusion 
elongation  method,  low  loss  was  hard  to  achieve  consistently 
without  special  treatments  (2) .  An  improved  fabrication  condition 
realizes  PM  couplers  which  maintain  low  excess  loss (about  O.ldB) 
and  low  crosstalk (less  than  -20dB) ,  even  in  harsh  conditions. 

2.  Coupler  fabrication 

The  optical  fiber  used  for  coupler  fabrication  is  PANDA 
type  PM  fiber  for  0.85)un  wavelength  rcuige,  characteristics  of 

the  fiber  are  shown  in  Table  l.  Birefringent  axes  of  two  fibers 
were  aligned  parallel  before  fusion  cuid  the  fusion  condition  was 
optimized  to  achieve  low  excess  loss.  Couplers  were  elongated 
until  the  monitored  splitting  ratio  reached  50%.  After 
elongation,  couplers  were  packaged  into  3x3x50mm  silica  glass 
cases.  The  photograph  of  a  packaged  PM  coupler  is  shown  in 
Fig.l.  A  bonding  method  emd  materials  were  carefully  selected 
so  as  not  to  Induce  anisotropic  stress  to  bare  fibers  and  cause 
crosstalk  degradation. 

3 .  Coupler  characterist ics 

Coupler  characteristics  were  evaluated  using  a  LED  light 
source  whose  center  wavelength  was  839nm  auid  whose  polarization 
direction  was  matched  to  cui  x-axls  of  the  fiber.  Characteristics 
of  a  typical  coupler  are  listed  in  Table  2.  Low  loss  of  0.08dB 
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and  low  crosstalk  of  -29. 5/25. 3dB( through/  splitting  ports)  were 
obtained.  Low  loss  and  low  crosstalk  couplers  are  highly 
reproducible.  After  the  fabrication  of  20  couplers,  the  excess 
loss  mecui  value  was  0.09dB  euad  the  mean  value  of  crosstalk  was 
-25. 2/22. idB (through/ splitting  ports).  Stability  of  the  coupler 
characteristics  against  ten5>erature  change  from  -40  to  +70 
centigrade  was  confirmed.  Fig. 2  shows  splitting  ratio  aind 
excess  loss  stability  against  temperature  change.  The  naximum 
splitting  ratio  fluctuation  was  0.8%  and  the  maximum  excess  loss 
was  O.lSdB,  both  of  which  are  sufficiently  low.  Pig. 3  shows 
crosstalk  dependence  on  temperature.  Sufficiently  low  crosstalk 
of  -22dB,  even  at  -40  centigrade,  was  confirmed.  Following  the 
temperature  test,  a  humidification  test  and  a  vibration  test 
were  conducted  for  the  coupler.  In  the  four  days  of 
humidification  testing,  the  coupler  was  placed  in  a  chamber  of 
95%  relative  hiomidity  and  60  centigrade  temperature.  The 
vibration  test  was  conducted  in  a  constant  acceleration 
condition.  During  the  test,  acceleration  was  k^t  at  3G  and 
frequency  was  swept  from  15  to  50Hz.  vibration  was  applied  to 
the  coupler  for  4  hours  in  each  of  three  orthogonal  directions. 
After  these  tests,  no  significant  change  of  characteristics  was 
observed. 

4.ConcluaiQn 

PM  couplers  with  low  excess  loss  and  low  crosstalk  were 
fabricated  with  an  optimized  fusion  elongation  method.  Their 
reliability  in  harsh  conditions  was  confirmed. 

References 

(1)  J.NODA  ,  K.OKAMOTO  ,  Y. SASAKI  ,  "Polarization -Maintaining 

Fibers  and  Hieir  ipplications"  ,  J. Lightwave  Tech. ,  vo1.lt- 4 

PP1071-1089  ,  1986 

(2)  I. YOKOHAMA  ,  K.CMIDA  ,  J.NODO  ,  "LOW  excess  loss  conditions 

of  polarization-maintaining  fiber  couplers"  ,  iqpl.Opt. 

VOl.27,No.23  ,  PP4807-4813  ,  1988 


138 


Table  1 .  Characteristics  of  the  PM  fiber  for  coupler  fabrication 


Fig.1 .  Photograph  of  a  packaged  PM  coupler 


Table  2.  Characteristics  of  typical  coupler 


splitting  ratio 


excess  loss 


crosstalk 

I  (splitting  port) 


50.6% 
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Cro8Stalk(dB)  Splitting  ratio(%) 


TemperaturefC) 


Fig.2.  Temperature  characteristics 
(Splitting  ratio  and  Excess  loss) 


TemperaturefC) 


Fig.3.  Temperature  characteristics 
(Crosstalk) 
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Abstract 

We  report  the  results  of  an  experimental  investigation  of  the  statistical  nature  of  the  parameters 
of  three  different  models  which  can  be  used  to  describe  the  lumped  birefringence  effects  and 
polarization  evolution  in  fiber  systems. 

Introduction:  The  evolution  of  polarization  in  single  mode  fiber  systems  is  important  in  many 
applications,  including  coherent  communications,  and  interferometric  sensors.  Two-beam 
interferometric  fiber  sensors  experience  polarization-induced  fading  (PIF)  of  the  interference 
signal  when  the  states  of  polarization  (SOP)  of  the  two  beams  at  the  point  of  recombination 
become  orthogonal  [1].  Recently,  we  investigated  the  probability  functions  associated  with 
polarization  induced  fading  effects  in  fiber  interferometers.  This  information  is  useful  for 
determining  the  necessity  for  polarization  control  and  diversity  detection  techniques  in  various 
sensor  systems,  particularly  where  arrays  of  sensors  are  of  interest  In  this  paper,  we  report  the 
results  of  a  continued  investigation  of  the  statistical  nature  of  models  wltich  can  be  used  to 
describe  birefringence  in  fiber  systems.  We  confirm  by  direct  polarimetric  measurements  the 
probability  functions  for  an  elliptical  birefringence  description  of  a  fiber  link  under  random 
perturbation  inferred  in  a  previous  publication  [2].  The  work  presented  here  provides  a  more 
complete  interpretation  of  the  birefringence  n:K}dels  used. 

Birefringence  Models:  When  conventional  low  birefringence  fibCT  is  used  in  the  sensing 
element  of  an  interferometer,  randomly  distributed  bends,  kinks  and  twists  combined  with 
fiber  coils  lead  to  a  complex  concatenation  of  birefringence  effects  which  can  vary  in  an 
unpredictable  way  with  environmental  perturbations  of  the  system.  In  order  to  analyze  the  net 
SOP  changes  in  such  a  system,  two  models  are  commonly  used;  a)  a  single  elliptical 
birefiingence  element  [3],  and  b)  a  combination  of  linear  retarder  and  rotator  [4],  as  shown  in 
Figure  l.a  and  l.b.  respectively.  These  models  have  proved  useful  in  describing  polarization 
changes  in  fiber  optic  sensor  systems,  particularly  interferometric  sensors,  fiber  gyroscopes, 
polarimetric  sensors  and  Faraday  rotation  sensors.  A  third  nxxlel  comprising  three  fixed 
operators;  linear  retarders  with  azimuths  0®  and  45®,  followed  by  a  rotator  (Figure  l.c.)  can 
also  be  utilized  to  describe  the  net  SOP  evolution  through  an  arbitrary  fiber  length.  This  iiKxlel 
is  interesting,  as  it  is  most  simple  to  computationally  model;  the  three  birefringent  components 
are  described  by  three  mutually  orthogonal  rotational  operators  in  the  Poincare  sphere  [5] 
representation  of  polarized  light.  It  should  be  noted  that  in  all  cases  the  models  reduce  to  a 
three  angle-parameter  description  of  the  equivalent  birefiingence. 

In  ordCT  to  model  the  variation  of  SOP  in  fiber  optic  systems  such  as  interferometric  sensors, 
and  in  particular  multiplexed  arrays,  it  useful  to  understand  the  statistical  properties  of  the 
birefringence  models  described  above.  We  have  experimentally  studied  the  statistical 
behavior  of  the  parameters  involved  in  each  of  these  models  using  polarimetric  determination 
of  changes  in  SOP.  We  assume  monochromatic  source  light,  and  fiber  lengths  short  enough  to 
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lead  to  minimal  polarization  mode  group  delay  effects,  as  is  generally  the  case  in  sensor 
systems  where  fiber  length  are  <  100  m.  For  a  given  length  of  fiber,  environmental 
perturbation  of  randomly  distributed  birefringence  effects  along  the  fiber  result  in  an  output 
SOP  which  varys  randomly;  in  the  Poincare  sphere  representation  of  polarized  light  this  can 
be  modeled  by  a  random  SOP  on  the  surface  of  the  sphere,  with  all  states  having  equal 
probability.  It  can  be  shown  that  this  translates  into  probability  density  functions  for  the  Stokes 
parameters  of  the  output  SOP,  S|,  S2  and  S3 ,  being  uniform  over  the  interval  -1^  Sj  ^+1. 

Experimental:  Measurements  of  the  polarization  evolution  in  a  length  of  fiber  were  made 
using  a  simple  polarimetric  system  which  allowed  the  Stokes  vectors  of  the  output  light  to  be 
Pleasured  for  three  input  SOPs;  horizontal  linear,  45®  linear,  and  left  circularly  polarized, 
Rresponding  to  the  input  vectors  {SI,  S2,  SB);  (1,  0,  0),  (0,  1,  0}  and  (0,  0,  1} 

respectively.  The  nine  measurements  fully  characterise  the  net  polarization  change  through 
the  fiber,  and  can  be  used  to  infer  the  three  parameters  of  any  of  the  above  birefringence 
models  used  to  describe  the  fiber.  In  order  to  vary  the  birefringence  properties  of  the  fiber, 
multiple  fiber  fractional  waveplates  (FFWP)  [6]  were  incorporated  along  its  length.  Other 
bends,  loops  and  coils  of  differing  diameters  were  also  randomly  located  along  the  fiber  to 
provide  further  randomization  of  the  birefringences.  Measurements  were  made  using  PC  data 
acquisition  ,  which  recorded  all  the  measurements,  calculated  the  birefringence  parameters  and 
reduced  the  data  to  yield  probability  distributions.  The  experiments  involved  1000  complete 
sets  of  measurements  of  a  given  fiber.  The  results  reported  here  were  obtained  using  an 
approximately  50  m  length  of  fiber.  Measurements  have  also  been  conducted  using  a  shorter 
length  of  fiber,  and  showed  the  same  distribution  functions  as  for  the  longer  length. 

Results:  Figure  2  shows  the  distribution  in  the  ouput  Stokes  vectors  SI,  S2,  and  S3  (for  a 
particular  input  SOP)  for  1(XX)  random  variations  of  the  FFWPs  distributed  ^ong  the  fiber. 
The  clearly  observable  uniform  distribution  of  each  vector  over  the  -1  -  +1  interval  indicates 
the  output  SOP  generated  was  a  randomly  varying  state,  with  all  states  having  equal 
probability.  Figures  3-5  show  the  distribution  functions  of  the  three  birefringence  parameters 
associated  with  each  of  the  three  models  shown  in  Figure  1.  Figure  3.a-c  shows  the  single 
elliptical  birefringent  element  parameters.  As  shown  in  Figure  1,  the  angles  2\|r  and  2a 
represent  the  spherical  coordinates  of  the  operator  in  the  Poincare  sphere  representation, 
whereas  Q  is  the  magnitude  of  the  vector,  or  the  retardance  of  the  elliptical  element.  As  can  be 
seen,  the  results  show  a  uniform  distribution  in  2\|r  (longitude),  and  a  cos  (2a)  form  of 
distribution  in  2a  (latitude).  It  can  be  shown  that  this  combination  of  probability  density 
functions  give  rise  to  a  random  eigenstate  of  the  elliptical  retarder  which  has  an  equsd 
probability  for  all  states  over  the  surface  of  the  sphere.  The  measured  distribution  in 
(Fig.  3.c)  exhibits  a  form  which  fits  a  sin^  (f^2)  dependent  probability  density  function.  This 
result  was  previously  observed  from  data  inferred  from  measurements  of  the  visibility  of  a 
fiber  interferometer  using  depolarized  input  light  [2].  The  results  shown  in  Figure  3.c  vali¬ 
dates  this  prior  work  using  direct  polarimetric  measurement.  Figures  4.a  -  c,  and  5.a  -  c  show 
the  distributions  in  the  parameters  associated  with  the  two-element  and  three-element  models 
respectively.  Fig  4.a,  shows  a  uniform  distribution  in  20,  which  describes  the  azimuth  of  the 
linear  reta^er,  whereas  the  retardance,  6,  exhibits  a  sin  (5)  dependent  distribution.  The 
circularly  birefringent  element,  or  rotator  magnitude  p  is  characterized  by  a  uniform 
distribution.  Finally,  the  three-element  model  of  Fig.  l.c  produces  distributions  two  of  which 
are  uniform  (Pj  and  (33 )  and  one  which  is  characterized  by  a  cos  P2  form,  as  shown  in  Figure 
5.a-c.  Computer  simulations  of  each  model  have  been  carried  out  using  the  probability 
density  functions  for  each  of  the  parameters  as  shown  in  Figures  3-5,  and  confirm  the 
experimental  results  obtained. 
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Conclusions:  The  results  of  an  expoimental  investigation  of  the  statistical  nature  of  the 
parameters  of  birefringence  models  which  can  be  used  to  describe  conventional  low 
birefrigence  optical  fiber  subjected  to  random  perturbation  has  been  presented.  The  results 
obtained  are  useful  for  modeling,  characterizing  and  predicting  the  polarization-related 
behavior  of  fiber  sensor  systems  based  on  low-birefrngence  fibo:. 

This  work  is  supported  by  the  U.S.  Office  of  Naval  Technology. 
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Figure  1.  Birtfhngence  models:  (a)  single  elliptical  element,  (b)  linear  retarder  and 
rotator,  and  (c)  three  fixed  elements. 
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Ftgmred  EiiperimeiadUy  observed  distributions  in  the  Onearretarderlrolator  model  pananeters: 
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FigmtS  Experimentally  observed  distributions  in  tketinee-^ement  model  parameters: 
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(c)  p3  (py* Pj*-  dPjwith  20“ for  p3~  -ISO to  170“) 


144 
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L  Bitroducticm 

Many  single-mode  fiber  coherent  communication  and  senring  systems  find  a  need 
for  polarization  control  either  for  increased  performance  or  for  rignri  processing.  In 
the  past,  most  systems  achieved  polarization  control  either  through  in-line  firactional 
wave  polarization  controllers  or  through  the  use  of  bulk  optic  polarization  components 
[1].  In  this  work,  we  present  a  new  approach  to  in-line  polarization  control  through  the 
use  of  a  recirculating  fiber  delay  line  (RDL)  system.  The  proposed  deWce  is  less  buU^ 
than  comparable  fictional  wave  devices  and  shows  potential  for  integrated  optic 
implementation.  It  has  the  added  advantage  of  having  considerable  {wlaiization  effect 
controllability,  and  thus  its  use  may  extend  beyond  simple  ^larization  state  azimuth 
control.  The  theoretical  development  for  this  system  is  contained  elsewhere  [2];  in  this 
presentation  we  will  concentrate  on  the  experimental  confirmation  of  its  operation  as  a 
polarization  rotator, 
n.  Theoretical  Considerations 

We  model  the  transfer  matrix  of  a  recirculating  delay  line  system  to  reflect  the 
transmission  and  coupling  of  two  polarization  states  of  the  optic^  fiber  in  the  usual 
fashion.  The  system  is  described  by  a  Jones  matrix,  H,  for  the  system.  The  matrix  H 
is  dependent  upon  the  operating  parametors  of  the  system,  including  the  splice 
misalignment  angle  0,,  birefringence  delays  di  and  d2,  and  feedback  phase  delay  pL, 
as  well  as  the  directional  coupler  intensity  coupling  coefficient  ir,  as  well  as  loss  in 
the  coupler  and  splice  (See  Figure  1). 

If  we  adjust  the  birefiringence  delays  di  and  d2  such  that  the  di  ±  d2  are  even 
integer  multiples  of  it,  the  eigenmodes  of  H  become  ciiculariy  polarized  fields  [2, 3]. 
The  eigenvalues  are  of  unit  magnitude  and  are  represented  as  exp  (jpi) ,  exp  (jp2). 
Since  a  linearly  polarized  field  may  be  deconqiosed  into  circularly  polan^  fields,  this 
suggests  that,  given  linearly  polarized  input  light,  the  ou^ut  would  remain  linearly 
pol^zed,  alAough  rotated.  For  a  linearly  polarized  input,  oriented  at  an  angle  Oin 
with  respect  to  the  x  axis,  the  output  of  the  system  with  circularly  polarized  eigen¬ 
modes  is  a  linearly  polarized  field  oriented  at  an  angle  Oom  =  ~  ( Pi  ~  P2 )  /  2- 

Thus,  the  polarization  has  been  rotated  by  an  amount  dqiendent  upon  die  ^lice 
misaUgnment  angle  the  duectional  coupler  intensi^  coupling  coefficient  xr,  and 
the  phase  delay  ^L.  For  a  fixed  system,  ®ont  may  be  varied  by  varying  ^L. 

m.  Experimental  Study 

The  experimental  setup  is  diagramed  in  Fimire  1.  The  system  studied  expoimen- 
tally  is  characterized  by  ir  =  0.66  and  6,  =  30  .  Normal,  unadjusted  cqieration  results 
in  Ae  presence  of  two  resonances  in  the  output  curve,  due  to  the  excitation  of  both  of 
die  undetermined  orthogonal  eigenmodes  by  a  generic  input  Using  circularly  polar¬ 
ized  input  light  the  birefringence  delays  di  and  d2  are  ^justed  until  a  sin^e  reso¬ 
nance  it  displayed,  thus  indicating  truly  single  resonance  toleration  on  a  circularly 
polarized  eigenmode.  This  is  (fisplayed  in  Figure  2b,  where  the  expoimoital  output 
intensity  is  ffisplayed  as  a  function  of  the  feedback  length  ^L.  Two  orthogonal  polari¬ 
zation  signals,  obtained  through  the  use  of  a  polarizing  beamsplitter,  are  di^layed  in 
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this  figure.  Figure  2a  displays  the  simulated  output  for  this  situation.  The  input  is  then 
switched  to  linearly  polariz^  light  and  measurements  are  made  of  the  output  visibiliQ^ 
wd  polarization  orientation  relative  to  some  starting  value.  For  linearly  polarized 
input  and  the  RDL  adjusted  for  circularly  polarized  eigemnodes,  it  is  expected  that 
both  counter-revolving  circularly  polarized  eigemnodes  will  be  excited,  thus  resulting 
in  two  resonances  in  the  output  curves  due  to  the  different  eigenvalues  (total  propaga¬ 
tion  delays)  of  the  two  system  eigemnodes.  The  output  of  the  system  for  linearly 
polarized  input  is  display^  in  Figtm  3b.  The  simulated  output  is  shown  in  Figme  3a. 
Two  resonances  are  clearly  visible  in  each  of  these  figures.  An  inspection  of  Figure  3b 
reveals  that  the  orientation  of  the  linearly  polarized  light  is  rotated  as  pL  is  varied. 
From  the  relative  intensities  of  the  two  channels,  it  is  possible  to  infer  a  polarization 
rotation  of  approximately  35  degrees  as  is  rotated.  The  low  amount  of  rotation  is 
believed  to  be  due  to  excessive  loss,  especially  at  the  ^lice.  Computer  simulations 
indicate  that  very  low  loss  systems  may  be  expected  to  allow  ovm*  90  degrees  rotation 
as  pL  is  varied. 

As  a  test  of  the  polarization  preserving  properties  of  this  system,  the  output  polar¬ 
ization  angle  and  visibility  of  the  system  are  measured  as  a  function  of  input  polariza¬ 
tion  angle.  The  result  is  shown  in  Hgure  4.  Hrese  measurements  were  made  at  a  set¬ 
ting  on  the  curve  of  Fipre  3a  corresponding  to  PL  =  tc  /  2.  Note  that  the  output  orien¬ 
tation  angle  tracks  the  input  angle,  and  that  die  visibility  (determined  with  an  analyzer) 
is  always  greater  than  0.95.  This  indicates  that  the  system  functions  as  a  polarization 
preserver  and  its  performance  is  independent  of  6i„. 

IV.  Conclusions 

A  new  in-line  polarization  controller  utilizing  feedback  is  proposed  and  demon¬ 
strated.  The  use  of  a  recirculating  delay  line  with  a  splice  in  the  feedback  loop  is 
shown  to  have  considerable  promise  as  a  polarization  control  device.  The  control  of 
the  eigenmode  structure  of  such  a  system  is  demonstrated,  as  is  its  use  as  a  polarization 
rotator.  A  version  of  this  device  can  be  envisioned  wiA  electro-optic  birefringence 
control  sections  replacing  the  mechanical  squeezers  and  PZT  fiber  stretchers,  thus  indi¬ 
cating  promise  for  electro-optic  implementation. 
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Beamsplitting 


Figure  1.  Schematic  of  the  fiber  polarization  control  system  under  study. 


Figure  2.  Output  of  system  adjusted  for  circular  eigenmodes  given  circularly 
polarized  input  light:  a)  simulation  result  (2  curves  superimposed)  b) 
experimental  result. 
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Figure  3.  Output  of  system  adjusted  for  circular  eigenmodes  given  linearly  polar¬ 
ized  input  light  at  0^  =  40°:  a)  simulation  result  b)  experimental  result. 


Figure  4.  Output  polarization  state  as  a  function  of  input  polarizatitMi  angle.  Both 
the  relative  output  polarization  angle  and  output  visibility  are  displayed 
as  a  function  of  input  polarization  angle  6in. 
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ABSTRACT 

Position  sensors  for  flight-critical  airplane  ap¬ 
plications  must  indicate  when  a  malfunction 
occurs.  A  fiber  coupled  resolver  using  residue 
number  arithmetic  encoding  which  satisfies  this 
requirement  has  been  demonstrated  and  will  be 
described. 


INTRODUCTION 

An  essential  feature  of  a  position  measuring 
system  used  in  flight-critical  airplane  applica¬ 
tions  is  that  if  the  system  ceases  to  indicate  the 
true  value  of  the  parameter  being  measured,  this 
fact  should  be  indicated  to  the  operator  or  to  the 
controlling  computer.  In  the  case  of  conven¬ 
tional  rotary  or  linear  variable  differential  trans¬ 
formers,  signals  corresponding  to  either  the  sine 
and  cosine  of  the  angle  being  measured  or  to  the 
amplitude  and  the  complement  of  the  displace¬ 
ment  are  transmitted  to  the  signal  processing 
electronics.  Fault-fi-ee  operation  is  indicated  by 
a  constant  sum  of  either  the  square  of  the  sine 
and  cosine,  or  the  displacement  and  its  comple¬ 
ment.  If  the  present  electromagnetic  resolvers 
are  to  be  replaced  by  passive  fiber  coupled 
resolvers,  the  fiber  coupled  resolvers  must  have 
identical  or  improved  performance  characteris¬ 
tics.  While  most  characteristics  are  being  dupli¬ 
cated,  the  self  checking  feature  is  proving  diffi¬ 
cult  to  implement. 

Various  intensity  modulated  encoding  schemes 
have  been  used  in  optical  fiber  coupled  resolvers 
developed  for  aerospace  applications.  One 
method  of  encoding  uses  an  optical  code  plate 
with  multiple  binary  tracks^ A  second 
method  uses  a  single  track  whose  density  varies 
monotonically  with  position^’^,  and  a  third 


method  uses  multiple  analog  tracks  with  a  modi¬ 
fied  weighted  number  system  encoding^.  Of  the 
above,  only  the  method  described  in  reference  5, 
which  is  the  optical  equivalent  of  the  linear 
variable  differential  transformer,  is  self  check¬ 
ing.  The  drawbacks  of  this  scheme  are  that  it  is 
optically  complex,  and  that  three  fibers  are  re¬ 
quired. 

In  the  work  to  be  described,  the  weighted  num¬ 
ber  system  encoding  used  in  the  multiple  analog 
track  sensor  described  in  reference  6  has  been 
replaced  by  a  modified  residue  number  system 
encoding.  While  this  method  of  encoding  re¬ 
quires  an  additional  track,  it  has  the  property  that 
an  error  in  any  track  leading  to  an  incorrect 
indication  of  position  will  be  flagged  as  such. 

RESIDUE  NUMBER  SYSTEM  ENCODING 

The  residue  numbering  system  uses  n  pairwise 
relatively  prime  (the  greatest  common  divisor  is 
1)  bases  m  j,  m2,  ...m^.  Any  integer  X  up  to  M  = 
mj  X  m2  X  ...nij,  is  represented  by  another  set  of 
numbers  (residues)  r^,  r2,  ...r^  where  the  residues 
are  defined  by  X  =  qjmj  +  rj,  i  =  1,  2,...n.  The 
values  of  qj  are  chosen  such  that  0  ^  r^  <  mj.  As 
an  example,  in  an  n  =  3  system  in  which  mj  =  2, 
m2  =  3,  and  m3  =  5,  the  number  thirteen  is  rep¬ 
resented  by  113.  If  a  redundant  modulus  m^  is 
added  to  the  number  base  such  that  m^  is  greater 
than  m^  and  satisfies  the  pairwise  relatively 
prime  condition,  the  integer  calculated  from  the 
residues  rj,  r2,  ...r„,  r^  must  lie  within  the  range 
OtoM- 1.  Ifconversion  from  a  group  of  residues 
gives  a  number  outside  the  range  0  to  M  - 1,  an 
error  has  occurred.  A  more  detailed  description 
of  residue  arithmetic  and  error  detection  proper¬ 
ties  can  be  found  in  reference  7. 
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An  example  of  a  residue  number  encoded  linear 
code  plate  with  four  width-modulated  tracks  is 
shown  in  Figure  1.  The  moduli  used  are  3, 4,  and 
5  with  a  modulo  7  redundant  track  giving  a  range 
of  0  -  59.  The  code  plate  is  interrogated  by  four 
lines  of  light  each  having  a  length  equal  to  the 
maximum  width  of  the  appropriate  track  as 
described  in  reference  6. 


IniDfTOOBlinQ  bBims 


Figure  1.  Residue  Number  System  Encoded 
Code  Plate 


of  the  nonsimultaneous  transitions  can  be  over¬ 
come  by  the  addition  of  a  binary  strobe  track 
such  that  the  data  are  decoded  only  when  the 
strobe  track  is  high.  Since  the  peak  width  of  the 
strobe  track  is  always  constant,  the  strobe  track 
can  also  serve  as  an  intensity  reference.  A 
section  of  a  linear  code  plate  with  modulo  3, 4, 
5,  and  7  tracks  and  a  binary  strobe  track  is  shown 
in  Figure  2. 


Mods 

Mod4 

Binary 

strobe 
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Figure  2.  Modified  Residue  Number  System 
Encoded  code  Plate  With  Strobe 


Two  problems  are  encountered  in  the  interroga¬ 
tion  of  a  code  plate  such  as  that  shown  in  Fig¬ 
ure  1.  First,  the  transition  between  the  maxi¬ 
mum  and  minimum  widths  places  severe  re¬ 
quirements  on  the  width  and  line  shape  of  the 
interrogating  beam,  and  second,  errors  will  gen¬ 
erally  be  indicated  during  transitions  between 
integral  steps  since  the  track  transitions  will  not 
occur  simultaneously.  The  first  difficulty  can  be 
overcome  by  reflecting  the  tracks  as  in  reference 
6  without  loss  of  the  error  detecting  properties  of 
the  encoding.  For  example,  the  counting  se¬ 
quence  of  the  modulo  3  track  becomes 
0,1, 2,2, 1,0,0...  and  so  on.  The  only  drawback  is 
that  the  Chinese  remainder  theorem^  can  no 
longer  be  used  to  decode  the  number,  and  a 
lookup  table  has  to  be  used.  The  second  problem 


OPTICAL  INTERROGATION  AND  SIG¬ 
NAL  PROCESSING 

Interrogation  of  the  code  plate  is  identical  to  that 
described  in  reference  6,  and  is  shown  in  Fig¬ 
ure  3.  Light  from  a  broadband  source  is  trans¬ 
mitted  to  the  resolver  along  the  outgoing  optical 
fiber.  Inside  the  resolver,  the  light  is  focused 
into  a  line  across  the  code  plate  by  a  spherical  - 
cylindrical  lens  combination.  After  passing 
through  the  code  plate,  the  light  is  refocused  on 
to  the  return  fiber  by  a  second  cylindrical  - 
spherical  lens  combination,  and  thence  to  the 
detector.  Wavelength  division  multiplexing  of 
the  five  tracks  is  achieved  by  locating  five  pass- 
band  interference  filters  in  front  of  the  tracks  as 
shown.  Although  this  introduces  an  immediate 
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7  dB  insertion  loss,  the  loss  is  lower  than  that 
which  is  currently  being  achieved  using  diffract¬ 
ing  optics  V  The  detector  is  a  flat  field  spectro¬ 
graph  with  an  array  detector,  and  signal  process¬ 
ing  consists  of  normalization,  level  detection 
and  reference  to  lookup  table.  If  the  combination 
of  residues  is  not  found  in  the  lookup  table,  an 
error  is  indicated 


Figure  3.  Sensor  Optical  System 


RESULTS 

The  error  detection  concept  has  been  demon¬ 
strated  using  the  prototype  rotary  sensor  de¬ 
scribed  in  reference  6  with  a  0  to  90  degree 
residue  number  encoded  code  plate  having  tracks 
of  modulo  5,7,8  and  9  as  shown  in  Figure  4.  The 
detector  voltage  outputs  corresponding  to  the 
four  tracks  over  the  angle  range  0  to  10  degrees 
are  shown  in  Figure  5.  In  order  to  demonstrate 
the  error  detecting  capability,  an  error  in  one  of 
the  threshold  levels  was  deliberately  introduced, 
and  the  resultant  transfer  function  is  shown  in 
Figure  6.  Errors  are  indicated  by  a  number  of 
less  than  0.  The  resolution  of  this  particular  code 
plate  was  0.4  degrees,  but  higher  resolution  code 
plates  are  being  developed. 


Figure  4.  Rotary  Residue  Number  System 
Encoded  Code  Plate  {Negative) 


Modulo  5  . Modulo  7 

- Modulo  8  - Modulo  9 


Actual  postion  (degrees) 


Figure  5.  Detector  Outputs  from  Code  Plate 
Shown  in  Figure  4. 


Figure  6.  Example  of  Error  Detection  Capability 
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Abstract  -  The  theory  of  operation  of  the  int^rated  optics  Pockels  cell,  for  use  as  a  high  voltage 
sensor,  is  described.  The  results  of  measuremoits  on  various  samples  for  bias,  «(tinction  lado, 
and  piezoelectric  resonance  are  presoited. 


The  measuremoit  of  voltage  and  current  by  optical  means  offos  sevoal  advantages  over 
the  more  conventional  PTs  and  CTs  used  by  Ae  power  industry,  e.g.,  their  immunity  to 
electromagnetic  interference,  thdr  non-intrusive  nature,  and  thdr  inherent  insulating  prope^es 
[1].  Integrated  optics  and  fibre  optics  based  srasors  offer  the  further  advantages  of  being  small, 
inexpensive,  and,  in  some  cases,  having  higher  frequency  responses  [2].  In  this  paper  we  discuss 
one  such  device,  based  on  the  integrated  q>tics  version  of  the  Pockels  cell  P],  b^g  devdoped 
at  the  University  of  British  Columbia.  This  versitm  of  die  Pocl^  cell  is  an  immersion  type 
device,  by  which  we  mean  that  it  simply  measures  the  dectric  field  in  sriiich  it  is  immersed 
without  the  use  of  special  electrodes,  csqiadtive  dividers,  or  other  sensing  demoits.  However, 
there  are  restrictimis  on  the  orientation  of  the  electric  field  with  reqiect  to  the  sensor,  therefore, 
it  is  best  suited  to  measure  voltage  in  systems  having  a  fixed  geome^,  e.g.,  in  SF^  gas  insulated 
transmissi(Hi  lines. 


Thsm 

The  integrated  optics  Pockels  cdl  discussed  in  this  work  is  ctmstructed  using  a  stripe 
waveguide  fabricated  in  a  Y-cut  substrate  of  lithium  niobate.  The  waveguide  is  formed  by  the 
in>diffusion  of  a  titanium  stripe  lying  parallel  to  the  Z  crystallogr^hic  axis  of  the  substrate.  The 
width  and  thickness  of  the  titanium  stripe  are  chosen  so  as  to  result  in  a  wav^uide  sujqxnting 
one  TE  like  and  one  TM  like  mode  after  it  has  been  diffused  into  the  substrate.  die 
titanium  in-diffusion  the  substrate  is  covoed  with  an  optical  buffer  layer  of  sUiccm  dioxide. 
Finally,  the  ends  of  the  wav^uide  are  polished  to  allow  efficirat  end-fire  coupling  of  light  to 
and  from  polistod  qitical  fibres. 

Linearly  polarized  light  is  coupled  into  the  wav^ide  from  a  polarizaticm  maintaining 
fibre,  llie  fibre  is  orioited  so  as  to  couple  equal  amounts  of  light  into  both  the  TE  and  TM  like 
modes  of  the  wav^uide.  This  alignment  is  substantially  at  45**  to  the  X  and  Y  ciystallogrqdiic 
axes  of  the  lithium  niobate.  Interrogati<m  of  die  mityut  is  by  a  sectmd  polarization  maintaining 
fibre  supporting  two  orthogonal  modes.  This  second  fibre  is  also  aligned  with  its  polarization 
axes  at  45**  to  the  X  and  Y  axes  of  the  crystal.  Figure  la  is  an  isometric  view  of  the  Pockels 
cell,  with  fibre  attached,  and  figure  lb  illustrates  the  polarization  axes  alignment  for  die  fibre 
and  waveguide  in  the  plane  where  the  two  meet. 
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Fipire  la.  FigMfi-lfe> 

Once  light  has  been  launched  into  the  waveguide  the  TE  and  the  TM  like  modes 
propagate  with  slightly  different  phase  velocities  resulting  in  a  polarization  state  at  the  ou^ut  diat 
dq)ends  on  the  waveguide’s  length.  It  is,  therefore,  possible  to  bias  the  integrated  optics  Pockels 
cell.  Ideally,  for  small  signal  linear  operation,  the  length  of  the  waveguide  is  chosra  so  as  to 
result  in  circularly  polarized  light  when  no  external  field  is  relied.  The  interrogating  fibre 
measures  the  polarization  state  of  the  output  of  the  waveguide  by  sensing  the  optical  powers  that 
are  parallel  to  both  the  major  and  minor  axes  of  the  polarization  ellipse.  This  information  is 
transmitted  to  an  ppto<electronic  conversion  unit  in  the  two  nnodes  of  die  interrogating  fibre.  In 
this  manner  the  integrated  optics  Pockels  cell  measures  the  total  instantaneous  power  at  the 
output,  allowing  the  output  signal  to  be  normalized  and,  in  turn,  making  the  device  less  soisitive 
to  mechanical  vibrations. 

Choosing  a  Y-cut  substrate  with  props^ation  in  the  direction  of  the  Z  axis  has  several 
advantages.  One  is  that  the  mode  protiles  of  the  two  modes  are  essentiaUy  equivalent  so  that  the 
polarization  state  is  virtually  constant  across  the  ratire  ouqiut  plane.  Also,  there  is  no  surface 
waveguide  formation  during  the  diffusion  cycle.  Additional  advantages  are  gained  by  applying 
the  electric  field  parallel  to  the  Y  crystallographic  axis.  Firstly,  the  piezoelectric  resonances 
depend  primarily  upon  the  X  and  Y  dimensions  of  the  crystal,  as  opposed  to  the  Z  dimension. 
Secondly,  it  is  the  intrinsic  phase  difference  between  the  TE  and  TM  like  modes  that  is 
responsible  for  our  ability  to  bias  the  device  and  it  is  their  phase  velocities  that  are  changed  by 
applying  the  electric  field  parallel  to  the  Y  axis;  this  is  not  the  case  for  a  field  applied  parallel 
to  the  X  axis. 

For  the  ordinary  refractive  index  of  lithium  niobate  it  is  well  known  that  the  change  in 
index  is  given  by  An  =  (see  for  example  [4]),  where  n^  is  the  ordinary  refractive 

index  of  lithium  niobate,  Ey  is  the  electric  field  pa^el  to  the  Y  axis  in  the  crystal,  Tj2  is  the 
relevant  electro-optic  coefficient,  and  the  sign  dq)ends  on  the  axis  (X  or  Y).  Ideally,  we  can 
express  the  powers  parallel  to  the  major  and  minor  axes  of  the  polarizatirm  ellipse  each  in  the 
form  Po[l  ±cos(2trno^r22EyL/A,o-»-0i)]/2,  where  L  is  the  length  of  the  waveguide,  is  the  light’s 
wavelength  (here  670  nm),  (p,  is  the  intrinsic  phase  difference  or  bias,  and  Pq  is  the  total  power 
at  the  output.  Hence,  the  output  signal  can  be  normalized  with  respect  to  the  total  output  power. 
The  output  signal  can  thus  be  expressed  as 
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1  ±  cos(2ffll,^raE»L  +  ^.) 
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Experimental  Results 


A  16.2  mm  ItMig  sample,  nominally  0.4  mm  thick,  was  prepeatA.  In  it  a  titanium  layer 
55  nm  thick  was  jrtioto-litho^^^Mcally  formed  into  stripes  and  in-diffused  for  6  hours  at  1050^. 
The  sample  was  thoi  covered  with  a  600  nm  thick  silicon  dioxide  optical  buffer  laym*.  Figure 
2  shows  the  measured  transfer  function  of  me  of  the  devices  fabricated  in  the  sample.  It  has  a 
bias  of  95**  and  an  extinction  ratio  >  20  dB.  The  electric  field,  Ey,  needed  to  create  a  rdative 
change  in  {riiase  of  n  radians  between  the  two  modes  was  measured  to  be  270  V/mm,  the 
correqxMiding  theoretical  value  was  calculated  to  be  260  V/mm. 


i4>pU«d  Voltage  (20  V/dir)  . 


—  Derk 
Level 


Figure  2. 


While  the  int^rated  qitics  Pockds  cell  can  be  biased  by  controlling  its  length  we 
conducted  an  experimoit  to  study  the  effect  of  the  pre-diffusim  titanium  stripe  width  m  die  bias 
of  our  devices.  Our  sample  contained  many  devices  with  titanium  stripe  widths  of  3.0, 3.5,  and 
4.0  Min.  The  devices  were  fcnmed  in  clusters  in  which  the  individual  devices  were  sqiarated  by 
100  Mm  and  the  clusters  were  1.5  mm  iqiart.  The  measured  biases  are  shown  in  figure  3.  While 
the  values  of  the  bias  for  a  particular  stripe  width  vary  by  about  3(f  there  is  cleariy  an  increase 
with  width.  The  slope  of  the  least  squares  fit  line  is  S0*’/Mm.  Similar  measurements  m  devices 
13.5  and  28.5  mm  long  gave  phase  changes  of  63  and  120"/Mm,  reflectively.  These  values  give 
a  change  in  idiase  per  unit  width  per  unit  length  betweoi  4.2  and  5.7*/Mi^mm.  Presumably, 
these  variations  are  due  to  riight  differences  in  the  way  the  samples  woe  prqiaied.  Still,  we  feel 
diat  it  would  be  both  possible  and  practical  to  prepare,  m  a  sample,  a  range  of  devices  with 
varying  stripe  widths  from  which  me  with  an  appropnatc  bias  could  be  chosen. 

Measuremmts  of  the  piezoelectric  resonance,  for  the  lowest  order  nKxie,  for  a  number 
of  samples  of  different  widths  (X  axis)  and  lengths  (Z  axis)  indicated  that,  as  expected  for  Img 
thin  d^ces,  it  is  determined  primarily  by  the  sample’s  width.  For  our  samples  the  resonant 
frequency  is  given  by  f, «  3.4/w  MHz,  where  w  is  the  width  in  millimetres  and  is  much  greater 
than  the  thickness.  The  int^iated  optics  Pockels  cell  shmld,  therefore,  be  able  to  offer 
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bandwidths  in  die  tens  of  megahertz  making  it  suitaUe  for  high  ipeed  mooitoiing  ap|dicatioos 
and  time  lestdved  foult  location. 


Rggrp?, 


XiMnmaiy 

We  have  presmted  the  theory  of  qieratkm  and  measuiement  results,  bias  and  extinction 
ratio,  for  the  int^rated  optics  Pockets  cell  as  a  high  vdtage  sensor.  We  have  shown  that  while 
it  can  be  biased  by  controlling  its  length,  one  of  a  number  of  devices,  having  diffeient  widths, 
fabricated  on  a  single  substrate  should  have  an  appropriate  bias.  Measurements  of  the 
piezodectric  resonance  have  further  shown  that  thew  d^ces  can  be  fabricated  widi  large 
bandwidths,  perhaps  making  them  useful  for  new  applications  such  as  time  resdved  fault 
location. 
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Summary 

It  is  well  known  that  GaAs  has  a  large  electro-optic  (EO)  coefficioit.  Therefore,  GaAs 
integrated  circuits  and  devices  can  be  probed  optically  through  the  electro-optic  effects 
produced  by  steady  or  transient  voltages  in  the  circuit.  For  example.  Bloom  et  al 
have  shown  that  noninvasive  electro-optic  sampling  of  microwave  circuits  is  useful  for 
measuring  device  parameters.  GaAs  circuits  can  be  tested  using  a  transmission  line  formed 
on  an  electro-optic  substrate.  EO  crystals  are  placed  close  to  the  device  under  test,  and  a 
sampling  beam  probes  the  crystal  to  measure  the  fringing  fields  of  the  transmission  line. 
Unfortunately,  this  technique  has  limitations  since  the  transmission  line  and  crystal  disturb 
the  fields  in  the  device  under  test.  Techniques  for  non-perturbing  in  situ  measurements, 
such  as  those  investigated  by  Bloom,  are  more  dedrable  since  an  external  crystal  is  not 
required. 

We  have  developed  a  coherent  fiber-optic  probe  that  is  ideal  for  measuring  birefringence 
in  a  remote  sample.  By  utilizing  a  single  fib^  carrying  two  orthogonally  polarized  beams 
to  a  remote  sensing  section,  the  fading  problem  common  to  interferometers  with  separate 
beam  paths  is  minimized.  We  employ  phase  locked  loop  detection  which  is  insensitive  to 
slowly  varying  phase  shifts  while  at  the  same  time  being  simple  and  inexpensive.  Such 
sensors  are  ideal  for  the  remote  sensing  of  parameters  in  hostile  enviromnents  or  where 
electromagnetic  fields  can  interfere  with  traditional  sensors^^^ 

In  our  implementation  of  a  coherent  hybrid  sensor,  in  order  to  minimize  phase  and  po¬ 
larization  drifts  that  occur  when  independent  signal  and  reference  arms  are  used  in  an 
interferometer,  we  have  combined  two  orthogonally  polarized  beams  into  a  single  fiber, 
thereby  minimizing  common-mode  effects.  In  addition,  to  avoid  operating  point  drift  that 
plagues  homodyne  detection  schemes,  we  have  used  a  true  heterodyne  scheme  in  which 
these  two  orthogonally  polarized  beams  are  at  different  frequencies.  A  single  mono-mode 
fiber  acts  to  deliver  and  return  the  beams  to/from  a  remote  sensor  element.  In  GaAs  cir¬ 
cuit  characterization  the  semiconductor  substrate  becomes  the  sensor  element.  It  induces 
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a  phase  shift  between  the  orthogonally  polarized  components  of  the  beam  penetrating  the 
substrate.  The  beam  is  reflected  off  the  back  surface  of  the  substrate  into  the  flber.  The 
detection  optics  and  electronics  cem  be  located  in  a  benign  location  at  the  input  end  of  the 
fiber.  This  type  of  single  fiber  system  is  relatively  invulnerable  to  environmental  effects 
since  any  perturbation  effects  both  beams  in  the  fiber,  smd  any  common  mode  signals  can 
be  suppressed  in  the  detection  electronics. 

A  diagram  of  the  fiber  sensor  is  shown  in  Figure  1.  A  35  mW  single  mode  diode  pumped 
1.3^m  Nd-Yag  laser  is  used  as  a  signal  source.  The  beam  is  optically  isolated  and  passes 
through  a  40  MHz  Acousto-Optic  modulator  ( AOM)  that  produces  two  beams,  one  of  which 
is  shifted  in  frequency  by  40  MHz  from  the  fundamental.  The  beams  enter  an  arrangement 
of  mirrors  and  A/2  waveplates  that  align  the  beams  with  the  first  polarization  sensitive 
beam  splitter  (PSBSl).  One  of  the  beams  is  also  rotated  90**  with  respect  to  the  other 
so  that  two  collineeir  orthogonally  polarized  beams  emerge  from  PSBSl.  These  beams  are 
injected  into  a  single  mode  fiber  through  a  3dB  coupler.  One  of  the  coupler  output  beams 
is  lost  into  index  matching  fluid,  while  the  other  output  beam  continues  to  the  sensing  end. 
A  0.29  pitch  graded  index  (GRIN)  lens  is  epoxied  to  the  end  of  the  fiber  with  a  focsd  point 
5  mm  &om  the  GRIN  lens.  The  GRIN  is  positioned  above  the  G2lAs  sample  for  maximiun 
reflection.  A  computer  controls  an  XYZ  positioner  that  scans  the  GRIN  above  the  GaAs 
device.  The  local  electric  field  in  the  GaAs  modulates  the  birefringence  of  the  substrate 
and  induces  a  phase  shift  between  the  orthogonal  components  of  the  probe  beam.  The 
beam  is  reflected  back  into  the  fiber  and  returns  through  the  3dB  coupler,  a  A/2  waveplate, 
and  polarizing  beam-splitter  PSBS2  before  reaching  the  detection  photodiodes.  The  phase 
shift  induced  by  the  GaAs  is  detected  by  placing  the  output  beam  splitter  (PSBS2)  at 
45°,  so  that  the  two  orthogonal  components  of  the  beam  mix.  Final  detection  occurs  at 
a  balanced  mixer  using  two  wideband  photodiodes.  Common  mode  amplitude  noise  is 
suppressed  by  difierentially  amplifying  the  signals  from  these  two  photodiodes. 

The  output  of  the  differential  amplifier  following  the  diodes  in  Fig.l  is 

hiff  oc  cos  (Awf  -I-  -  <f>m)  (1), 

where  Au;  =  u—uj'  is  the  AOM  excitation  frequency,  <f>Tn  is  the  induced  phase  shift,  and 
is  the  static  phase  term.  The  signal  modulation  is  present  in  4>m  and  is  directly  detected  in 
the  PLL  stage.  The  A^«  above  represents  a  static  phase  shift  due  to  differing  path  lengths, 
thermal  expansion  and  contraction  of  the  optical  components,  and  other  slowly  varying 
effects.  Heterodyne  detection  is  immime  to  these  pseudo-static  phase  perturbations.  Direct 
PLL  detection  does  not  require  a  stable  source  since  a  voltage  controlled  oscillator  is  locked 
to  the  carrier.  Although  other  schemes  exist  for  heterodyne  detection  they  often  reqviire 
complicated  techniques  and  are  usually  not  as  sensitive  as  true  heterodyne  methods. 
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The  simplicity  of  the  detection  electronics  using  the  direct  PLL  method  is  evident  from 
Figure  1.  The  40  MHz  phase  modulated  signal  from  the  photodiodes  is  amplified  in  a  wide¬ 
band  differential  amplifier  (ComLinear  CL231).  Using  two  diodes  in  a  balanced  detector 
arrangement  improves  the  SNR  by  3  dB  -  in  addition,  balanced  detection  suppresses  am¬ 
plitude  noise  firom  the  laser.  In  Figure  1  the  phase  modulation  is  detected  in  a  discrete  40 
MHz  PLL  employing  a  limiter/AGC,  doubly  balanced  mixer,  40  MHz  VCO,  and  an  active 
loop  filter.  Phase  demodulation  is  achieved  by  mixing  the  differential  amplifier  output 
with  the  VCO  output.  The  mixer  output  is  filtered  and  is  used  to  form  the  VCO  control 
voltage  that  keeps  the  VCO  frequency  locked  to  the  incoming  RF  carrier.  The  VCO  control 
voltage  also  contains  the  demodulated  phase  signal,  which  is  further  amplified  before  the 
output  signal  is  displayed  on  an  oscilloscope  or  dynamic  signal  analyzer.  This  detection 
scheme  is  elegant  and  does  not  require  any  specialized  or  expensive  components,  making 
the  sensor  desirable  for  commercial  applications. 

Figure  2  shows  the  result  obtained  in  scanning  the  fiber  probe  in  one  dimension  perpen¬ 
dicular  to  3  different  gold  stripline  features  on  the  surface  of  a  GaAs  (100)  wafer.  All  three 
striplines  were  excited  with  a  4  kHz  signal  at  5V.  The  wafer  underside  was  gold  coated  for 
enhzmced  reflection  and  used  as  a  groimd  plane.  At  each  of  the  outer  electrodes  the  rising 
signal  is  due  to  the  increase  in  electric  field  intensity  adjacent  to  the  gold  striplines.  In 
principle,  this  plot  shows  the  electric  field  profile  in  the  GaAs  surrounding  the  electrodes. 
The  results  of  Figure  1  show  rough  edges  on  the  gold  strips  caused  by  wet  chemical  etching 
of  the  wafer,  and  this  data  is  exactly  reproducible.  FVirthermore,  this  technique  can  show 
extremely  small  variations  in  such  things  as  conductor  width,  doping  density,  epitaxial 
layer  differences,  surface  impurities,  and  defects  in  the  GaAs. 

Figure  3  shows  a  spectrum  analyzer  plot  of  the  sensor  signal  obtained  with  a  5V 
signal  on  the  stripline.  A  signal  to  noise  ratio  of  at  least  45dBV^  is  shown  indicating  that 
minimum  sensitivities  down  to  ~  7mV /  v^Hz  can  be  achieved. 

This  research  is  supported  by  the  U.  S.  Army  Medical  Research  and  Development 
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Figure  1.  Coherent  Hybrid  Fiber-Optic  Sensor 
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1,  INTRODUCTION 

The  detection  of  a  magnetic  field  by  a  magnetostrictive-type  fiber  optic  magnetic  fleld  sensor  (FOMS) 
essentially  involves  measuring  the  longitudinal  strain  produced  in  the  optical  fiber  to  which  a  magnetostrictive 
material  has  been  bonded.*  Hie  performance  of  such  a  FOMS  is  critically  dependent  on  the  coiqiling  efficiency 
between  the  magnetostrictive  material  and  the  optical  fiber.  The  sensing  elements  are  commonly  (a)  an  unjacketed 
fibra  bonded  to  a  metallic  glass  ribbon  or  wiie,^^  (b)  an  optical  fiber  wrapped  around  a  metallic  glass  cylinder,^  and 
(c)  an  optical  fiber  coated  with  a  magnetostrictive  film.^'*  Configurations  (a)  and  (b)  require  using  an  qioxy  adhesive 
to  bond  the  flber  to  the  magnetostrictive  material,  which  introduces  a  sutetantial  loading  effect^  Configiration  (c) 
eliminates  the  adhesive  loading  effect  and  couples  the  magi^tostrictive  strain  more  efficiently  onto  the  optical  fibra. 
Such  a  scheme  was  first  proposed  by  Yariv  and  Winsor*  and  achieved  experimentally  by  two  gioiqis.  Dandridge 
et.al.^  used  electrom  beam  evaporation  to  deposit  1.S  pm  films  of  nickel  and  0.6  pm  films  of  metallic  glass  <Mito 
unjacketed  fibos.  Lenzet.al.'*  dectroplated  20  pm  of  Ni-Fe  or  Ni-Co  onto  an  optiddfibra  that  had  been  coated  with 
a  conducting  layer.  In  our  investigation.  Metgals*  260SSC  (FbsiBi3  5Si3^2>  ^ied  Signal  Inc.)  was  chosra  as  the 
magnetostrictive  material,  and  S-IS  pm  coatings  of  260SSC  were  deposited  directly  onto  critical  fibers  by  using 
triode-magneton  sputtering.  The  theoretically  predicted  phase  shift  induced  in  such  metallic  ^ass  coated  fibers  was 
discussed  in  our  previous  publication  in  the  context  of  an  elastic  model  of  the  coated  fiber.’  The  experimental 
results  of  the  FOMS  using  these  coated  fibers  are  the  subject  of  this  paper.  A  more  complete  characterization  of  the 
magnetostrictive  coatings  will  be  published  elsewhere. 

2.  THEORY 

The  calculation  of  the  magnetically  induced  strain  in  the  fiber  core  is  based  on  a  model’  of  the  sensing  fiber  as 
an  elastic  combination  of  core,  cladding  and  metallic  glass  coating.  Using  cylindrical  coordinates  with  the 
longitudinal  direction  of  the  fiber  along  die  z  direction,  the  strain  in  the  fiber  core,  having  components  Cf,  ee  and  e,, 
can  be  expressed  in  trams  of  the  magnetostrictive  strain  (e)  induced  in  the  metallic  glass  coating  as  »  Ee  =  •  Ct  e. 
and  e,  =  Cl  e,  where  Ct  and  Cl  are  the  constants  obtain^  through  the  calculations  mentioned  above.  The  total 
phase  shift  in  the  fiber  core,  ^  then  can  be  expressed  as 

=  oLe,  (1) 

whrae  ot=(2;ni/X)[(l-n^  Pi2/2)CL->-(nV2)(Pii  -l■Pl2)CT]  is  the  loading  factra,  L  is  the  leitgtb  of  the  coated  fiber.  X  is 
the  vacuum  wavelength  of  die  light  passing  through  the  fiber,  and  n,  Pji  and  P12  are  the  refiractive  index  and  the 
Pockel’s  coefficients  of  the  fiber  core  respectively. 

The  magnetostrictive  strain  can  be  calculated  using  Livingston’s  model*’  of  coherent  rotation  of 
magnetization.  In  this  model  the  strain  at  low  field  for  amorphous  magnetic  materials  is  expressed  as  e  »  CfP, 
where  H  is  the  total  magnetic  field,  C  is  the  magnetostrictive  parameter  which  equals  or  depending 

on  whether  the  initial  magnetic  domains  are  randomly  oriented  or  transversely  oriented  to  the  magnetic  field,  X,  is  the 
bulk  magnetostriction  coefficient  and  Ha  is  the  anisotropy  field.  The  phase  shift  in  the  fiber  is  also  affected  by  die 
boundary  conditions,  which  influence  die  elastic  resrxiances  re|Hesent^  here  by  Q.  Using  Eq.  (1),  die  phase  shift 
may  then  be  e;qiressed  as  A4> »  QodLCH^.  If  the  total  field  (lulled  along  the  longitudinal  axis  of  the  fiber)  consists 
of  both  a  slowly  varying  dc  component  and  an  ac  dither  component,  then  H  =  Hdc-I-Hacoscat,  and  the  resultant  {diase 
idiift  may  then  be  expressed  as 

A^  »Q0dX(H4c^-t-2HdeH,.COSCM-^(H«COS(Dt)2^ 

In  this  expression  the  resonance  enhancement  factor  Q  dqiends  on  the  fiequency  of  the  ac  dither  field.  At  low  fields, 
the  phase  shift  amplitude  at  the  dither  fiequency  m  can  be  written  as 

(A«).  =2QotLCH,H4.  (3) 

which  means  that  A^  is  directly  pnqxxtional  to  the  magnitude  of  the  dc  field.  The  value  of  a  can  be  calculated  from 
the  model  of  coated  fibers  fra  a  specific  coating  thickness,  and  the  remaining  parameters  can  be  determined 
experimentally.  The  dither  frequency  was  chosra  high  enough,  qiecifically,  above  100  Hz,  so  that  low  frequency 
phase  noise  did  not  appear  in  the  output  In  addition,  the  dither  fi^uency  was  also  chosra  to  crancide  with  one  of 
the  major  resonance  frequencies  of  the  POMS  to  provide  a  large  amplitude  signal. 
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3.  EXPERIMENT 

The  metallic  glass  coatings  on  the  unjacketed  optical  fibers  were  deposited  using  a  triode  magnetron  sputtering 
technique.  The  sputtering  target  was  made  of  Metglas*  260SSC  cast  alloy.  The  coating  thickness  was  controlled  by 
regulating  the  following  parameters;  filament  current,  plasma  current  and  voltage,  target  bias  current  and  voltage, 
argon  pressure  and  sputtering  dme.  These  parameters  were  optimized  for  the  best  coating  properties.  The  range  of 
typical  deposition  rates  was  65  to  96  nm/min.  The  coating  thickness  varied  from  5  to  IS  pm  with  thiclmess 
variations  of  approximately  0.2  pm  for  each  deposition.  On  some  samples  a  thin  layer  of  chromium  (20~100  nm) 
was  evaporat^  onto  the  optical  fibers  before  the  Metglas  coating.  The  chromium  underlayer  reduced  the 
embrittlement  of  the  fibers  caused  by  the  diffusion  of  the  Metglas  constituents  into  the  optical  fiber  during 
deposition  and  further  annealing.  Results  of  x-ray  diffraction  measurements  showed  that  the  Metglas  coatings  were 
amorphous.  Magnetic  properties  such  as  magnetic  anisotropy  and  homogeneity,  surface  and  bulk  magnetization  and 
coercivities  were  characterized  using  Ferromagnetic  Resonance.  Longitudinal  Magneto-Optic  Kerr  Effect 
measurement  and  a  Vibrating  Sample  Magnetometer.  More  detailed  results  on  the  coating  characterizations  will  be 
published  elsewhere. 

The  experimental  apparatus  for  the  FOMS  is  shown  in  I^g.I.  The  FOMS  was  constructed  by  incorporating  a 
Metglas  coated  optical  fiber  into  the  sensing  arm  of  a  Mach-Zehnder  interferometer.  Light  from  a  1  mW  single 
frequency,  stabilized  He-Ne  laser  (X.  =0.633  pm)  was  coupled  into  the  qrtical  Fiber  by  a  40x  objective  lens.  A  mode 
stripper  was  used  to  remove  the  light  coupled  into  the  fiber  cladding.  Fringe  visibility  was  maximized  using  a 
polarizaticHi  controller.  The  sensing  arm  was  placed  inside  a  set  of  Helmholtz  coils.  In  the  reference  arm,  a  section 
of  fiber  was  wound  around  a  piezoelectric  (PZT)  cylinder.  A  feedback  signal  from  the  output  of  the  sensor  to  the 
PZT  cylinder  was  used  to  compensate  for  fluctuations  in  the  phase  due  to  tow  frequency  drift  caused  by  temperature 
fluctuations,  noise,  and  low  frequency  magnetic  fields.  This  feedback  correction  signal  kept  the  sensor  (grating  at 
quadrature  for  maximum  sensitivity.  A  dc  current  applied  to  the  Helmholtz  coils  generated  the  magetic  fleld  signal 
to  be  detected.  In  addition,  a  small  ac  current  at  frequency  O)  (100  to  6400  Hz)  was  also  applied  to  the  Helmholtz 
coils  to  provide  the  modulating  dither  Field.  The  magnetostrictive  response  of  the  coating  and  the  resulting  phase 
shift  in  ^e  optical  Fiber  depend  upon  both  of  these  Fields.  The  output  from  the  FOMS  was  detected  by  a  pair  of 
photodetectors  and  the  signals  were  sent  to  an  electronic  signal  processor.  The  high  frequency  signal  (>100  Hz)  was 
separated  from  the  output  and  was  fed  into  a  lock-in-amplifier  that  was  tuned  to  the  dither  frequency  to  determine  the 
value  of  the  unknown  magnetic  Field. 

For  calibration  purposes  the  feedback  control  loop  was  disconnected  and  the  PZT  cylinder  in  the  reference  arm 
was  driven  directly  by  a  triangular  waveform.  The  interference  fringes  were  obtained  directly  from  the  output  of  the 
FOMS  with  the  feedback  loop  open.  The  output  voltage  from  the  FOMS  was  directly  proportional  to  the  phase 
shift  produced  between  the  two  arms,  and  the  constant  of  proportionality,  k  =(AV/Ai^)g,^  was  determined  from  the 
slope  of  the  output  at  quadrature.  A  value  of  k  =  1 .08  volt/rad  was  obtained  for  our  system. 

4.  RESULTS 

In  Fig.  2  the  phase  change  amplitude  is  plotted  versus  H,)c  at  a  dither  frequency  of  245  Hz.  These 
hysteresis  curves  were  obtained  with  slow  cycling  of  the  external  Field  H^c.  The  dc  Field  was  first  increased  quasi- 
statically  from  0  to  +5  Oe,  decreased  to  -5  Oe  and  then  increased  to  +5  Oc  for  a  complete  cycle.  The  results 
presented  in  Fig.  2  are  for  a  6  pm  thick  Metglas-coated  Fiber  with  a  0.178m  long  coating  length  and  a  0.1  pm 
chromium  undercoating.  The  coated  fiber  had  been  annealed  for  10  min  at  385  °C  in  an  external  3(X)0  Oe  Field 
applied  transversely  to  the  fiber.  To  control  the  initial  magnetic  state,  the  sample  was  demagnetized  before  each 
measurement  The  traces  in  the  plot  shown  in  Fig.  2  were  begun  with  the  sample  demagnetized,  and  the  0-field 
slope  of  the  curve  was  measuresd  to  be  dA^a/dH,i«,  =  0.91  rad/Oe. 

The  output  from  the  FOMS  was  very  sensitive  to  the  modulating  dither  frequency.  The  sensitivity  at  different 
dither  frequncies  can  vary  by  more  than  2  orders  of  magnitude,  so  the  response  of  the  FOMS  can  be  enhaiKed 
considerably  by  choosing  a  high  Q  resonance  frequency.  TTie  frequency  dependence  of  the  FOMS  was  obtained  by 
appling  a  constant  dc  bias  field  and  letting  the  f^requency  of  the  dither  field  sweep  from  100  to  1800  Hz.  Each 
complete  sweep  took  about  15  minutes.  The  ouqrut  from  the  Lock-in-ampIiFier  as  a  function  of  dither  frequency  for 
the  same  specimen  mentioned  above  at  0  bias  Field  is  shown  in  Fig.3.  The  major  resonant  frequencies  were 
independent  of  the  dc  bias  field  as  long  as  the  Fiber  support  arrangement  was  not  changed.  The  amplitudes  of  the 
resonances,  however,  increased  with  increasing  bias  Field.  The  245  Hz  frequency  exhibited  a  resonance  enhancement 
factor  of  Q  =  96  which  was  close  to  the  maximum  value  obtained  of  Q  =  106  at  892  Hz. 
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5.  DISCUSSION 

The  minimium  detectable  magnetic  field  at  low  fields  can  be  calculated  from  =  (A^a)iiiii/(dA^ai/(lHdc). 
Assuming  a  signal-to-noise  ratio  of  one,  a  value  of  =  5.6x10'*  rad/VHz  was  obtained  from  a  noise 

measurement  at  the  245  Hz  dither  frequency.  The  minimum  detectable  field  is  therefore  H..;.  =  6.2x10'*  Oc^VHz. 
(The  dither  field  was  0.16  Oe;  a  lower  dither  field  would  have  given  a  somewhat  higher  initial  sl(q)e.)  In  order  to 
compare  diverse  types  of  magnetostrictive  sensors  it  is  useful  to  calculate  a  figure-of-merit  M=(V  where  V  is 

the  volume  of  the  magnetostrictive  material  and  H,„;„  is  the  minimum  detectable  field.  In  Table  1  the  values  of  M 
are  compared  for  amorphous  metal  cylinders,  wires,  and  coatings.  The  value  for  M  given  fw  the  optimized  optical 
fiber  is  calculated  by  assuming  (1)  the  interferometer  noise  can  be  reduced  to  the  same  level  as  that  given  in  Ref.  5 
(50x10'^  rad/VHz),  and  (2)  a  lower  dither  field  would  be  employed  increasing  dA<|>(a/dHdc  by  a  factor  of  3.  This 
optimized  sensor  would  have  a  minimum  detectable  magnetic  field  of  2.6x10'^  rad/VHz,  and  would  have  a  figure  of 
merit  comparable  to  the  FOMS  which  utilize  cylindrical  or  wire  magnetostrictive  elements.  The  coated-fiber  POMS 
requires  the  least  volume  of  magnetostrictive  material,  and  it  may  be  well-suited  to  applications  where  small  size  is 
more  important  than  maximum  sensitivity. 


Structure 

M  (Hz‘«/Oem3) 

Reference 

Cylinder 

5.0  X  10‘* 

[Ref  5] 

Wire 

1.9  X  10'* 

[Ref  5] 

Coated  Fiber 

3.7  X  10'* 

This  Paper 

Coated  Fiber(Optimized) 

8.7  X  10'* 

ThisP^r 

Table  1.  Figures  of  Merit  fw  Several  Types  of  FOMS 


An  experimental  value  of  QC  can  be  obtained  from  Eq.(3),  (QOexp»  *=  flcdM^  H*.  =  3.6xl0^A)e*  for 
the  245  Hz  dither  frequency  using  a  =  4.4x10*  rad/m.’  Using  the  Q-factor  value  of  %,  weobtain  C„p,  = 
3.8xlO'*/Oe2.  The  value  of  C  for  Metglas  2605  SC  ribbons  is  3.7x1  OVOe*.’  Further  improvement  in  the 
magnetostrictive  response  of  the  sensor  could  therefore  be  obtained  through  improvement  of  the  magnetic  {Hopeities 
of  the  sputtered  films  as  well  as  enhancing  the  resonances. 
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Fig.  3.  Frequency  response  of  the  FOMS  at  0  Oersted  bias  field 
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Introduction 

Highly  linear-birefringent  (HiBi)  optical  fibres  have  been  widely  used  to  transmit  linearly  polarised  light  in  various 
applications  because  of  their  polarisation-holding  properties  [1].  Faraday  coupling  in  linear-birefringent  fibres  have 
been  reported  previously  [2,3].  Recently,  an  optical-filH'e  cunent  sensor  which  makes  use  of  the  Faraday  Effect  to 
couple  light  resonantly  from  one  mode  to  an  originally-empty  mode  of  a  HiBi  fibre,  when  the  fibre  is  subjected  to  a 
periodic  magnetic  field,  has  been  reported  [4,S].  In  this  paper  we  report  that  the  resonance  of  Faraday  coupling  is 
dependent  on  the  relative  axial  position  of  the  fibre  and  the  magnetic  field.  This  is  caused  by  the  interference  of  the 
Faraday  coupled  signal  and  the  residual  empty  mode  component,  due  to  imperfect  launching  of  purely  linearly- 
polarised  light  into  one  eigenmode  of  a  HiBi  fibre.  A  good  understanding  of  this  dependence  will  be  essential  to  the 
design  of  the  HiBi  fibre  cunent  sensor.  The  HiBi  cunent  sensor  reported  to  date  has  used  a  periodic  conductor  array 
(PCA)  to  generate  the  required  periodic  magnetic  field.  In  a  practical  environment,  the  required  periodicity  may  be 
effected  by  periodically  doping  the  fibre  with  materials  which  can  either  enhance  or  shield  the  magnetic  field  acting 
on  the  fibre.  An  initial  result  of  Faraday  coupling  in  a  magnetically-shielded  HiBi  fibre  using  ferrites  beads  will  be 
presented  here. 

Faraday  coupling  in  the  presence  of  residual  empty  mode  component 

Consider  a  HiBi  Hbre  with  a  front-end  length  of  zq  before  it  enters  a  magnetic  field.  Orthogonally-polarised  light 
components  of  amplitudes  and  Ey  (where  E^  »  Ey)  with  phase  difference  S  is  launched  into  the  fast  and  slow 
axes  of  the  fibre.  In  the  absence  of  Faraday  rotation,  the  wave  at  distance  I  along  the  fibre  is  thus  described  by ; 

Ex(*o  +  *)  =  Ejj(O)  cos((0t  -  Bx(zo  +  0  +  8) 

Ey(zo  +  0  =  Ey(0)  cos(<ot  -  6y(zo  +  0) 

where  and  By  are  the  phase  constants  of  the  fast  and  slow  axes  of  the  fibre. 

Consider  a  sinusoidal  magnetic  field  having  a  spatial  phase  constant  Bh  (where  Bh  =  2ii  /  the  spatial  period)  acting 
over  a  total  length,  L,  of  fibre.  Suppose  that  the  peak  value  of  the  field  is  such  as  to  induce  a  Faraday  rotation  of  p 
per  unit  length.  The  component  coupled  from  E^^  to  Ey  at  point  zq  +  I  is  given  by  : 

dEy(zo  +  0  =  Ex(zo  +  0  sin(p  cos(Bh  I)  dl) 

=  Ex(0)  p  cos(Bh  0  cos(a)t  -  Bx(zo  +  0  +  8)  dl 
where  we  have  assum^  that  the  rotation  over  dl  is  very  small.. 

Let  AB  =  By  -  Bx.  The  total  Ey  at  the  fibre  end  can  be  found  by  adding  all  the  coupled  components  which  reach  L 
plus  the  residual  empty-mode  component,  which  arises  from  imperfect  launch  of  linearly-polarised  light  and  remains 
essentially  constant  throughout  its  propagation  in  the  Hbre;  this  can  be  calculated  by  integrating  equation  (I)  along 
L,  and  then  adding  to  the  residual  empty-mode  component,  Ey(0)  cos((ot  -  By(z()  +  L)).  The  tot^  Ey  at  zq+  L  is 
thoefote: 

Ey(zQ  +  L)  =  0.5  Ex(0)  p  L  [  sinc(A)  cos  (a  +  5  +  A)  +  sinc(B)  cos  (a  +  5  +  A)]+Ey(0)  cos(a  -  AB  zq) 

whm  a  =  (Ot  -  B^zq  -  ByL  A  *  L(Bh  -  AB)/2  B  =  L(Bh  +  AB)/2  sinc(x)  =  sin(x)/x 

The  average  power  for  the  y-axis  at  the  end  of  the  fibre  is  given  by : 

Py(zQ  +  L)  =  0.5^(0)2  +  (0.5  Ex(0)  p  L)2  [  0.5  sinc2(A)  +  0.5  sinc2(B)  +  sinc(A)  sinc(B)  cos(A  -  B)]  + 

0.5  Ex(0)  Ey(0)  p  L  [  sinc(A)  cos(A  +  AB  zq  +  6)  +  sinc(B)  cos(B  +  AB  zq  4-  5)]  (1) 
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the  first  term  on  the  right  hand  side  of  (1)  represents  the  original  y-component  while  the  second  term  represents  the 
Faraday  coupling  at  twice  the  signal  frequency.  It  also  shows  that  the  coupled  power  is  maximised  when  the  fibre 
beat  length  equals  the  magnetic  field  period,  as  represented  by  the  sinc(A)  terms.  The  last  term  in  (1)  shows  that  the 
presence  of  the  empty-mode  component,  due  to  imperfect  launching  of  linearly-polarised  light  into  the  fibre,  will 
cause  interference  with  the  Faraday  coupled  component.  The  cosine  term  indicates  that  the  coupled  signal  will 
follow  a  sinusoidal  variation  with  either  an  axial  translation  of  the  fibre  with  respect  to  the  magnetic  field,  or  a  linear 
sweep  in  the  x  and  y  components'  phase  difference.  For  imperfect  launching  of  light  into  the  filMe,we  have 

P  «  Ey(0) 

and  therefore  the  interference  term  dominates  the  measured  signal  of  Py(zQ  +  L).  A  computer  simulation  of  the 
interference  term  for  different  phase,  AB.zq  +  5  ,  of  the  cosine  expression  is  shown  in  figure  1.  The  significance  of 
figure  1  is  that  both  of  the  size  and  position  of  the  resonance  peak  can  be  altered  by  varying  zq  or  6.  A  series  of 
experiments  was  then  performed  to  verify  the  effect  of  the  interference  term  in  (1). 

Experimental 

The  periodic  magnetic  field  required  for  the  Faraday  rotation  was  achieved  by  suspending  an  elliptically-cored  HiBi 
fibre  (Andrew’s  Corp.  fibre,  single  mode  at  633nm  with  3.8mm  beat  length)  just  above  a  periodic  conductor  array 
(PCA)  as  shown  in  figure  2.  The  PCA  consisted  of  44  series-connected  brass  conductors  which  carried  a  current  of  8 
Amps.  The  PCA  could  be  rotated  and  translated  such  that  both  the  periodic  field  spacing,  and  the  relative  axial 
position  of  the  magnetic  field  and  the  fibre  could  be  varied  independently.  Linearly  polarized  light  from  a  HeNe 
laser  was  launched  into  one  eigenmode  of  the  HiBi  fibre,  with  an  extinction  ratio  of  25dB.  A  Glan-Thompson 
analyser,  whose  acceptance  axis  was  aligned  with  the  empty  mode,  allowed  light  coupled  into  the  other  eigenmode  to 
be  detected  by  a  silicon  photodiode  at  the  output  end  of  the  fibre.  The  output  of  the  photodiode  was  connected  to  a 
lock-in  amplifier,  which  took  its  reference  from  the  current  source. 

In  the  first  experiment,  a  PCA  was  slowly  rotated  at  0.25°  interval  while  it  was  axially  translated.  The  maximum 
and  minimum  values  of  the  coupling  signal  were  then  recorded  for  every  periodic  spacing.  This  was  done  to  verify 
the  effect  of  Bh  &  *0  (^)  result  is  shown  in  figure  3.  In  order  to  test  the  effect  of  8  in  (1),  a  Pockel's  cell 

(with  half-wave  voltage  230V  at  the  laser  wavelength)  was  placed  at  the  input  end  of  the  HiBi  fibre  and  was  aligned 
with  its  birefringent  axes  parallel  to  those  of  the  fibre.  The  PCA  was  initially  rotated  to  produce  a  maximum 
coupling  signal  before  the  voltage  across  the  Pockel's  cell  was  varied.  The  resultant  variation  of  the  Faraday 
coupling  signal  with  the  Pockel's  cell  voltage  is  shown  in  figure  4.  A  sinusoidal  variation  of  the  coupling  with  a 
period  of  460V  is  observed. 

Finally,  an  experiment  on  the  interference  effect  of  Faraday  coupling  in  a  magnetically-shielded  HiBi  fibre  using 
ferrites  beads  was  performed.  The  magnetic  field  acting  on  the  fibre  is  shown  in  figure  5.  A  HiBi  fibre  (Andrew’s 
Corp.  fibre,  single  mode  at  633nm  with  6.9mm  beat  length)  was  shielded  with  17  ferrites  beads  (RS  supplier, 
dimensions  measures  at  4mm  outer  diameter,  2mm  inner  diameter  and  5mm  thickness).  The  beads  were  placed 
periodically  with  a  period  equal  to  the  fibre  beat  length.  The  shielded  fibre  was  then  placed  in  a  solenoid  whose 
magnetic  flux  at  the  center  was  independently  measured  at  7.6mT/Amp  using  a  Hall  Probe.  To  ensure  that  the  fibre 
experienced  maximum  spatial  variation  of  magnetic  field,  the  solenoid  carried  a  current  of  4  Amps,  which  caused  the 
ferrites  beads  to  saturate.  Under  the  action  of  the  axial  magnetic  field,  Faraday  rotation  took  place  in  the  region  of 
the  fibre  where  it  was  not  magnetically  shielded.  A  build-up  of  mode  coupling  in  the  HiBi  fibre  was  therefore 
allowed  to  take  place  along  the  fibre.  When  the  fibre  was  translated  axially  with  respect  to  the  ferrites  beads  a 
sinusoidal  variation  of  the  measured  Faraday  coupling  signal  was  observed,  as  shown  in  figure  6.  The  period  of  the 
signal  is  consistent  with  the  fibre  beat  length,  as  was  predicted  by  (1). 

Discussion 

In  the  derivation  of  the  Faraday  coupling  equation  (1),  it  has  been  assumed  that  the  total  coupling  is  small  and  the 
amount  of  light  coupled  back  to  the  full  mode  is  negligible.  This  causes  Py(zQ  +  L)  in  equation  (1)  to  increase 
monotonically.  While  this  is  true  for  small  coupling,  the  same  equation  should  not  be  applied  in  situation  where 
both  of  the  eigenmodes  carry  significant  power,  as  in  the  case  of  an  optical  isolator  [3].  In  such  cases,  the  well- 
established  couple-mode  equations,  which  deal  with  intcr-modal  coupling,  should  be  used.  The  interference  term  in 
(1)  is  depicted  in  figure  1.  It  is  composed  of  twelve  different  curves,  each  representing  the  Faraday  coupling 
resonance  for  an  increasing  value  of  zq.  The  same  set  of  curves  can  be  obtained  if  we  vary  the  value  of  8,  since  both 
conu-ibute  to  the  phase  term  in  (1).  The  set  of  twelve  curves  together  completes  the  cycle  of  2n  in  the  phase  term. 
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This  predicted  interference  term  agrees  well  with  the  experimental  results  which  are  shown  in  Hgure  3&4.  Figure  3 
shows  that  the  magnitude  of  the  coupled  signal  follows  a  sine  function  with  periodic  spacing  while  figure  4  shows 
that,  at  a  given  periodic  spacing,  the  coupled  signal  varies  with  the  phase  difference  of  the  orthogonally  polarised 
electric  vectors  of  the  optical  wave  launched  at  the  input.  It  is  useful  to  compare  this  result  with  that  reported  by 
Simon  and  Ulrich  [6].  In  their  experiment,  the  intensity  of  the  output  light  from  a  Soleil-Babinet  compensator  and  a 
polarising  analyser  was  related  to  the  ellipticity  of  the  state  of  polarisation  of  light  at  the  fibre  where  it  interacts  with 
the  magnetic  field.  It  is  important  to  note  that,  in  our  experiment,  although  Ey(0)  is  25dB  less  than  the  full-mode 
component  it  still  contributes  to  the  observed  effect.  In  a  practical  application  where  temperature  varies,  the  beat 
length  will  change  and  this  will  inevitably  cause  a  subsequent  change  in  the  electric  vectors'  phase  difference  as  the 
light  propagates  along  the  fibre.  The  combined  effect  can  seriously  affect  the  coupled  signal  and  jeopardise  the 
reliability  of  the  sensor.  Fortunately,  the  effect  of  the  interference  can  be  harnessed  to  advantage  in  using  the  HiBi 
current  sensor.  As  we  can  see  from  figure  1  that  the  peak  of  the  resonance,  formed  by  the  envelop  of  different 
phases,  is  effectively  broadened.  This  broadening  of  resonance  can  accommodate  a  finite  change  in  the  fibre  beat 
length  (eg.  due  to  temperature  variation),  or  equally,  larger  tolerance  on  the  design  of  the  periodic  current-carrying 
conductors  which  may  be  manufactured  in  the  form  of  a  periodically-grooved  bus-bar  structure  [5],  while  preserving 
the  measurand-selective  nature  of  the  current  sensor.  Tlje  phase  term  can  be  effected  by  sweeping  the  input  light 
phase  difference  at  a  rate  higher  than  the  anticipated  measurement  bandwidth  and  employing  p^  detection  of  the 
coupled  signal.  It  is  envisaged  that  the  need  for  the  additional  electronics  can  be  replaced  by  using  a  wider-bandwith 
light  source.  The  source  bandwidth  needs  to  be  small  enough  to  be  coherent  within  the  length  of  the  sensing  region, 
so  as  to  make  constructive  Faraday  coupling  possible,  and  wide  enough  to  break  the  exact  phase  relationship  of  the 
eigenmodes  before  the  light  enters  the  measurand  field.  The  use  of  periodic  ferrites  beads  in  shielding  the  fibre  was 
demonstrated  for  the  first  time.  The  interference  effect  is  evident  from  figure  6.  The  significance  of  the  shielding 
technique  is  that  it  allows  effective  current  measurement  without  the  need  for  special  design  of  busbars.  Although 
ferrites  beads  are  unlikely  to  be  used  in  a  practical  environment,  due  to  saturation  and  hysteresis,  the  shielding 
approach  can  be  extended  to  a  periodically-doped  fibre  with  materials  that  can  enhance  or  suppress  Faraday  coupling. 
The  doping  can  be  performed  on  the  preform  on  it  can  be  achieved  using  ion  implantation  on  the  fibre  cladding. 

Conclusions 

The  interference  of  the  Faraday  coupled  signal  and  the  residual  empty  mode  component  due  to  imperfect  launching  of 
linearly-polarised  light  in  one  eigenmode  of  a  HiBi  fibre  has  been  described  and  explained.  Both  the  size  and  position 
of  the  resonance  peak  can  be  varied  by  either  an  axial  translation  of  the  HiBi  fibre  with  respect  to  the  periodic 
magnetic  field  or  a  sweep  in  the  phase  difference  of  the  eigenmodes  at  the  input.  Since  the  coupling  resonance  can 
be  altered  in  such  a  manner,  it  may  provide  the  system  engineer  extra  control  on  the  sensor  design,  eg.  in 
compensating  the  temperature  effect  of  the  sensor  by  broadening  the  resonance  peak.  The  feasibility  of  magnetically 
shielding  a  HiBi  fibre  to  achieve  Faraday  coupling  was  demonstrated  for  the  first  time.  The  coupling  was  also 
shown  to  exhibit  the  interference  effect 
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1.  Introduction 

To  date,  most  current  sensors  based  on  the  Faraday  effect  have  been  in  the 
form  of  a  coil  with  a  large  number  of  turns  of  low  birefringence  monomode 
fibre  wound  aroimd  a  current-carrying  conductor  [1-31.  In  the  Faraday  effect,  the 
change  in  azimuth,  <I>F/  of  a  linear  polarised  state  propagating  in  a  dielectric 
material  subject  to  a  magnetic  field  H ,  is  given  by 

1 

<I>F=  jvH-dl  (1) 

0 

where  V  is  the  Verdet  constant  of  the  sensing  material,  and  1  is  the  distance 
traversed  in  the  fibre.  For  the  case  of  a  solenoid  of  Nc  turns  with  Nf  fibre  turns 

Of  =  VNcNfl  (2) 

where  I  is  the  current  in  the  conductor. 

Since  the  Verdet  constant  for  an  ordinary  silica  fibre  is  relatively  small 
(4.68X10"^  rad/A  at  633  nm),  particularly  in  comparison  with  other  sources  of 
birefringence  within  the  fibre,  high  sensitivity  fibre  current  sensors  require  a 
large  number  fibre  turns.  However,  the  increase  in  the  number  of  turns  results 
in  an  increase  in  both  the  intrinsic  birefringence  and  the  bend-induced  linear 
birefringence  [1,2],  also,  the  light  transit  time  through  the  fibre  is  increased,  as  a 
result,  the  sensitivity  and  the  bandwidth  of  a  fibre  Faraday  current  sensor  are 
severely  limited  [3]. 

High  Verdet  constant  bulk  glasses  [4]  are  not  subject  to  the  problems  associated 
with  the  presence  of  the  intrinsic  birefringence  induced  by  core  elliptidty  and 
asymmetric  stress  or  the  extrinsic  birefringence  caused  in  deploying  the  fibre 
sensing  element.  Therefore,  bulk  glass  based  current  sensor  devices  do  not  suffer 
the  problems  described  above.  However  problems  arise  in  designing  closed  loop 
bulk  glass  sensing  elements,  as  additional  phase  shifts  occur  as  a  result  of  the 
reflections,  the  light  beams  must  undergo  to  follow  a  closed  path  [5] 

In  this  paper  we  introduce  a  new  topology  for  a  bulk  glass  Faraday  current 
sensor.  This  novel  sensor  is  in  the  form  of  a  ring  with  an  optically  polished  edge 
of  high  circularity.  The  current  carrying  wire  passes  through  the  central  aperture. 
The  light  beam  is  coupled  into  the  sensing  element  via  a  small  'roof  top'  prism. 
When  the  beam  is  injected  at  specific  angles  the  light  undergoes  a  large  number 
of  internal  reflections  at  the  critical  angle,  finally  emerging  at  the  other  facet  of 
the  prism. 
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2.  The  configuration  of  the  sensing  element 

Figure  1  shows  a  computer  simulation  of  the  optical  path  imdertaken  by  the 
light  inside  the  sensing  element.  The  light  enters  the  ring  through  the  roof  top 
prism  at  point  E  on  the  circumference  and  undergoes  sequential  internal 
reflections  at  the  critical  angle  at  positions  (1),  (2),  (3),  (4)  etc.,  finally  emerging 
through  the  prism  after  the  15th  reflection.  In  passing  through  the  ring  the  light 
will  have  effectively  encircled  the  current  5  times  thereby  increasing  the  current 
sensitivity  by  the  same  factor. 


the  sensing  element. 


When  the  Faraday  effect  is  exploited  for  current  measurement  it  is  important 
that  the  light  follows  a  closed  loop  in  the  dielectric  material  otherwise  the  line 
integral  of  the  field  will  not  be  measured  as  required  by  equation  (1).  The  path 
taken  by  the  light  on  its  first  transverse  around  the  central  aperture  isCs-E-Ci- 
1  -  2  -  3  -  Cl  and  the  first  closed  loop  path  is  Ci -1-2-3  - Ci  where  Ci  is  the  point 
where  the  loop  closes.  Hence  the  change  in  the  azimuth  of  the  light  at  Cl  is 
given  by 

1 

JvHdl  +0c  (3) 

0 

where  ()>c  is  the  additional  rotation  which  occurs  in  the  passage  of  the  light  from 
C5  to  Cl. 

For  the  second  encirclement  of  the  current  the  optical  path  is  Ci  -  4  -  5  -  6  -  C2 
which  is  not  a  closed  loop,  however  if  the  contribution  from  C2  to  Cl  is  included 
then  the  correct  line  integral  is  effectively  performed.  This  sequence  of  'virtual 
closed'  loop  encirclement  of  the  aperture  is  repeated  five  times  in  this  figure  and 

the  error  (|>c  which  occurs  in  the  first  transverse  of  the  light  is  sequentially 

reduced  by  subsequent  traverses  i.e.,  01  s  (C2-  Ci)  for  the  second  loop,  02  =  (C3- 
C2)  for  the  third  loop,  etc. 

Hence  the  azimuthal  error  0c  is  effectively  eliminated  as  the  light  exists  the 
ring.  This  description  is  only  valid  if  the  ring  exhibits  no  birefringence  and  the 
reflections  all  occur  at  the  critical  angle. 
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It  can  be  shown  that  for  certain  combinations  of  ring  diameters  and  incident 
angles  of  illumination  that  two  output  beams  can  be  simultaneously  generated. 
These  beams  are  both  spatially  separated  and  have  undergone  a  different 
number  of  closed  loop  paths.  For  the  ring  used  in  the  experiments  reported  here 
outputs  corresponding  to  5  and  14  closed  loop  traverses  of  the  ring  were  available 
corresponding  to  15  and  44  total  internal  reflections  at  the  critical  angle 
respectively. 

3.  Experimental  arrangement  and  the  performance: 

The  optical  system  is  shown  in  figure  2.  Light  from  a  low  power  (~  5mw), 
single  mode  laser  diode  (ML  4102)  with  a  wavelength  of  780  nm  is  launched  into 
a  polarization  maintaining  fibre  (PMF)  via  a  10  times  objective  lens.  The 
emerging  light  from  the  fibre  end  is  then  collimated  by  a  40  times  objective  lens. 
The  PMF  employed  serves  not  only  as  a  channel  to  deliver  the  input  polarised 
light  to  sensor,  but  also  as  a  spatial  filter,  such  that  a  well  collimated  beam  is 
generated.  This  beam  is  then  injected  into  the  sensing  element  through  a 
polariser  P.  The  sensing  element,  made  of  SF6  Schott  glass,  had  an  outer 
diameter  of  80  mm  and  a  35  mm  central  aperture.  The  light  ejected  from  the 
sensor  is  detected  by  a  photo  detector  after  it  has  passed  through  an  analyzer  with 

its  transmission  direction  at  45®  to  P.  In  applications  where  the  current  is  at  high 
potential,  an  optical  fibre  would  be  interposed  between  the  analyzer  and  the 
detector. 

Figure  3  shows  the  variations  in  the  output  signal  as  a  function  of  applied  AC 
current  at  a  frequency  of  50Hz  (United  Kingdom  line  frequency)  when  the  light 
has  made  5  traverses  (channel  1)  and  14  traverses  (channel  2)  of  the  ring.  In  both 
cases  a  linear  relationship  is  obtained.  The  scale  factor,  determined  from  the 
slope  of  the  these  curves,  was  0.010  mVrms/Amp-tums  for  channel  1  and  0.032 
mVrms/ Amp- turns  for  channel  2  respectively.  Figure  4  shows  the  results  of  a 
similar  investigation  for  DC  current.  The  scale  factor  for  channel  1  was  0.008 
mV/Amp-tums  and  for  channel  2  was  0.033  mV/Amp-tums. 


Figure  3.  Variation  of  the  output  Figure  4.  Variation  of  the  output  signal  as 
signal  as  a  function  of  input  AC  a  function  of  input  DC  current 

current  at  50Hz  for  channels  1  and  2.  for  channels  1  and  2. 

In  order  to  determine  the  sensitivity  of  the  system,  a  measurement  of  the 
change  in  azimuthal  angle  as  a  function  of  the  input  DC  current  for  channel  2 
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was  made.  The  results  of  this  measurement  are  shown  in  figure  5.  The 
measured  sensitivity  of  this  channel,  as  defined  by  the  slope  of  this  line,  is 
0.022deg/Amp-tums. 

The  performance  of  the  sensor  was  determined  by  measuring  the  minimum 
detectable  AC  current  at  a  range  of  frequencies  around  the  line  frequency  of  50Hz. 
As  shown  in  figure  6,  currents  of  ~  lAmp-tums  can  be  readily  detected. 

The  frequency  dependence  of  the  system  was  measured  with  a  variable 
frequency  current  source  of  4.9  Amp-tums.  The  response  was  foimd  to  be 
constant  ±1  dB  in  the  range  10  -  10^  Hz. 


Figure  5.  Variation  in  the  azimuthal  Figure  6.  Variation  in  input  signal  as  a 
angle  as  a  function  of  current  function  of  frequency  and  current 

for  channel  2.  amplitude  for  channel  1. 

4.  Conclusion: 

In  conclusion  a  novel  high  performance  miniature  optical  current  sensor 
based  on  the  Faraday  effect  has  been  demonstrated.  The  bulk  optical  glass  ring 
configuration  overcomes  many  of  the  problems  encountered  with  optical  fibre 
current  sensors  and  is  much  less  complicated  to  fabricate  than  three  dimensional 
bulk  glass  sensors. 
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Introduction 

Due  to  their  intrinsically  favourable  behaviour  with  respect  to  electromagnetic 
interference  and  galvanic  isolation,  fibre  optic  sensors  are  good  candidates  for 
current  and  magnetic  field  measurements  in  high  power  electric  transmission 
systems.  Sensors  utilizing  the  magneto-optic  Faraday  effect  have  been 
investigated  for  a  number  of  years.  When  looking  for  a  compact  design,  magneto¬ 
optical  garnet  materials  such  as  YIG  (Yttrium  Iron  Garnet,  YaFesO  12)  or 
preferably  substituted  YIG  have  shown  promising  properties.  l»2,3,4  One  common 
advantage  of  these  materials  is  their  large  Faraday  rotation,  up  to  2000%m  for  Bi- 
substituted  YIG. 

The  fabrication  of  pure  YIG  has  a  fairly  long  tradition  due  to  its  applications  in 
microwave  systems.  However,  samples  resulting  from  the  growth  of  bulk  crystals 
are  not  suitable  to  prepare  for  optical  apphcations,  among  other  things  they  need 
to  be  carefully  polished.  More  recently,  the  liquid  phase  epitaxy  (LPE)  technique 
for  fabricating  thick  magneto-optical  garnet  layers,  mainly  for  optical  isolator 
applications  in  optical  communication  systems,  has  been  developed  to  a  stage 
where  also  several  physical  parameters  could  be  handled  at  will.  Furthermore 
the  LPE  technique  can  yield  optical  quality  wafers  of  several  inches  in  diameter. 

To  prepare  a  sensor  element  from  such  a  wafer  only  imcritical  sawing  is  needed, 
which  to  a  large  extent  facilitates  the  sensor  fabrication. 

The  sensor  reported  in  this  paper  utilizes  an  epitaxially  grown  (YbTbBi)IG 
( (YbTbBi)3Fe50i2  )  layer  on  a  GGG  substrate,  with  a  composition  optimized  for 
optical  isolator  applications,  implying  low  temperature  dependence. 

Sensing  pridple 

To  utilize  the  polarization  rotation  in  an  intensity  based  multimode  fibre  sensor, 
polarizers  are  placed  before  and  after  the  sensing  element.  The  intensity  of  the 
light  transmitted  through  the  second  polarizer  will  then  depend  on  the  polariza¬ 
tion  rotation  in  the  crystal.  Thanks  to  the  non-reciprocity  of  the  Faraday  effect  it  is 
possible  to  utilize  a  folded  design  according  to  fig  1.  One  then  gets  twice  the  polari¬ 
zation  rotation  for  a  given  crystal  thickness. 


1.3  pm  LED 

InC^s 

detector 


mult/  polarizers  YIG  GGG 

~  '^ode  fibres 


mirror 


Fig.  1.  Outline  of  the  folded  type  magnetic  field  sensor. 
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Due  to  the  ferrimagnetic  properties  of  the  garnet  material,  the  picture  of  a 
homogeneous,  magnetic  field  dependent,  rotation  of  linearly  polarized  light  is  too 
simplified  to  be  useful  to  predict  the  sensor  behaviour. 

The  internal  magnetization  of  the  crystal  leads  to  the  presence  of  magnetic 
domains  that  will  change  their  size  and  shape  when  an  external  magnetic  field  is 
applied.  The  resulting  polarization  state  of  a  narrow  ray  of  light  will  then  depend 
on  the  actual  domain  distribution  along  its  path.  This  will  in  general  not  yield 
reproducible  conditions.  However,  by  using  a  sufficiently  wide  beam  of  light  the 
net  rotation  of  a  large  number  of  individual  domains  will  be  measured,  giving  a 
useful  sensor  performance.  5,6 

In  our  case  we  assume  that  all  domains  reach  through  the  entire  thickness  of 
the  layer,  with  a  magnetization  direction  which  is  either  parallel  or  anti-parallel 
to  the  light  propagation.  In  the  absence  of  an  external  magnetic  field,  the  two 
types  of  domains  will  occupy  approximately  equal  volumes.  However,  when  a 
magnetic  field  is  applied,  the  domains  of  one  kind  will  grow  at  the  expense  of 
those  of  the  other  kind. 

In  addition  to  the  magnetic  properties  of  the  material,  the  optical  conditions 
will  affect  the  sensor  performance.  With  a  spatial  coherence  of  the  light,  large 
enough  to  create  interference  between  light  having  passed  different  domains,  the 
sample  will  act  as  a  phase  grating.  Sufficiently  far  behind  the  sample,  the 
undiffracted  light  will  then  have  a  state  of  polarization  and  intensity  that  depends 
on  the  applied  field,  while  the  light  in  the  first  diffraction  order  will  be  polarized 
perpendicidarly  to  the  incident  light. 

The  optical  configuration  used  in  our  sensor,  i.  e.  with  the  polarizer  far  from 
the  sensing  element,  3delds  a  sensor  output  that  is  given  by  the  transmitted 
intensity  of  the  undiffracted  light  after  the  second  polarizer.  The  magnetic  field 
dependence  is  in  fact  very  similar  to  the  one  achieved  with  a  material  with  a 
homogeneous  magnetization. 

Our  sensor  was  realized  with  an  epitaxially  grown  0.13  mm  thick  (YbTbBi)IG 
layer  on  a  GGG  substrate.  The  domain  magnetization  was  perpendicular  to  the 
plane  of  the  layer.  The  thickness  of  the  layer  was  chosen  to  give  a  single  pass 
maximum  rotation  of  22,5°  at  1.3pm.  The  components  of  the  sensor  head,  i.  e.  the 
sensing  element,  a  gradient  index  lens  and  two  polarizers,  were  mounted  in  a 
plastic  enclosure  of  6  mm  length  and  4  mm  in  diameter.  100  pm  core  fibres  with  a 
cladding  diameter  of  140  pm  were  used  for  the  signal  transmission. 


Measurement  results 

The  DC  magnetic  field  characteristics  of  the  sensor  is  shown  in  fig  2.  The  satura¬ 
tion  points  fall  at  approximately  ±100  mT. 

The  frequency  spectra  for  different  AC  field  levels  were  also  studied  to  further 
investigate  the  central  part  of  the  characteristics.  Fig  3  shows  the  output 
spectrum  for  a  1  kHz,  27  mT  (pe£ik)  applied  field.  Even  with  this  relatively  large 
signal  amplitude,  the  distortion  was  only  about  1  %,  The  signal  to  noise  ratio  for  a 
1  Hz  bandwidth  was  90  dB.  A  20  dB  reduction  of  the  signal  to  2.7  mT  further 
reduced  the  distortion  to  about  0.3  %,  fig  4. 

The  signal  was  then  reduced  in  steps  of  20  dB  down  to  270  nT.  At  this  signal 
level,  the  spectrum  analyzer  bandwidth  was  reduced  to  88  mHz  to  separate  the 
signal  from  the  sensor  amplifier  noise,  fig  5. 
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Fig  2.  The  magnetic  field  Fig  3.  0-5  kHz  frequency  spectrum  of 

characteristics  of  the  sensor.  the  sensor  output  for  a  27  mT  (peak) 

exitation  at  1  kHz.  (Sensor  amplifier 
3  dB  bandwidth:  5  kHz;  Analyzer 
bandwidth:  1.1  Hz) 


0  Ms  ttsii:  8  OOO  Ms 


Fig  4.  0-5  kHz  frequency  spectrum  of 
the  sensor  output  for  a  2.7  mT  (peak) 
exitation  at  1  kHz.  (Sensor  amplifier 
3  dB  bandwidth:  5  kHz;  Analyzer 
bandwidth:  1.1  Hz) 


mm  ••sHs 


Fig  5.  Narrow  band  frequency 
spectrum  of  the  sensor  output  for  a 
270  nT  (peak)  exitation  at  1  kHz. 
(Sensor  amplifier  3  dB  bandwidth: 

5  kHz;  Analyzer  bandwidth:  88  mHz) 


Applied  Field,  dB  rel.  1  T 

Fig  6.  The  signal  amplitude  (dB  rel.  signal  at  27  mT)  versus  the  applied  field. 
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The  measurement  results  are  summarized  in  fig  5,  where  the  signal 
amplitude  is  plotted  versus  the  applied  1  kHz  field  amplitude.  Apparently  the 
sensor  is,  within  the  experimental  accuracy,  linear  over  a  range  of  at  least  100  dB. 
In  the  experimental  data  presented  here,  the  lowest  point  is  buried  the  1  Hz  noise. 
This  noise,  however,  originates  in  the  detector  and  its  amplifier  and  is  not  an 
inherent  property  of  the  sensor  itself.  By  decreasing  the  optical  loss  of  the  sensor 
and  by  improving  the  eunplifier,  a  20  dB  increase  in  signal  to  noise  ratio  should  be 
within  reach. 


Cancdusioiis 

The  multimode  fibre  optic  magnetic  field  sensor  that  we  have  reported  here  is 
found  to  be  linear  over  a  range  of  more  than  100  dB.  The  experimental  data  show  a 
1  Hz  noise  equivalent  magnetic  field  of  1  jiT.  The  sensor  is,  however  linear  below 
this  level.  With  an  optimized  design  we  consider  it  possible  to  reduce  the  noise 
equivalent  field  by  a  factor  of  10. 
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Fiber  sensors  have  recently  taken  advantage  of  the  1.3pm  diode-pumped  laser 
technology,  which  offers  high  output  power  in  a  single  frequency  and  orders  of 
magnitude  improvement  in  frequency  stability  over  semiconductor  devices  [1].  The  small 
frequency  jitter  [2]  of  Nd:  YAG  lasers  enables  one  to  attain  submicron  phase  noise  in 
interferometric  sensors  with  as  much  as  10  meters  of  optical  path  difference.  Because 
non-linear  fiber  sensors,  such  as  magnetic  fiber  sensors,  which  make  use  of  a  carrier  to 
upconvert  low-frequency  signals  to  be  detected,  are  often  limited  by  intensity  noise 
upconverted  around  the  carrier  [3],  we  have  measured  the  intensity  stability  of  those 
devices  .  The  intensity  noise  in  fiber  sensors  originates  from  both  the  laser  instabilities 
and  the  drifts  in  the  fiber  launch. 

We  report  measurements  of  the  low-frequency  Relative  Intensity  Noise  (RIN)  of  diode- 
pumped  Nd:YAG  ring  lasers,  before  and  after  launching  into  a  fiber  sensor.  We  also 
demonstrate  reduction  of  the  RIN  by  an  external  remotely  controlled  modulator,  to  a 
value  of  <-100  dB/VHz  at  1  Hz. 

The  schematics  of  the  set-up  are  shown  in  figure  1.  The  laser  is  a  series  120  or  122 
Lightwave  Electronics  diode  pumped  Nd-YAG  ring  laser  at  1.3  pm.  The  optics  module 
contains  an  electro-optic  modulator  and  a  beam  splitter  to  sample  light  into  a  reference 
detector.  Direct  measurement  of  the  RIN  is  obtained  before  launch,  at  the  output  of  the 
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optics  module.  Light  from  the  source  is  then  launched  into  a  single  mode  fiber  through  a 
20X  microscope,  and  split  by  a  10: 1  fiber  coupler  into  the  input  to  a  sensor  and  a  sample 
detector. 

The  RIN  obtained  for  the  series  122  before  and  after  closing  its  own  intensity  noise 
reducticm  loop  [4]  is  shown  in  figure  2.  The  intensity  noise  obtained  in  an  open  loop 
configuration  shows  a  1/F  dependence, and  the  RIN,  >70  dB/^Hz  at  1  Hz,  is  believed  to 
be  due  to  the  modal  fluctuations  of  the  broad-area  pun^  laser.  Feedback  into  the  pump 
laser  improves  the  RIN  by  40  dB,  to  -1 10  dB/>/Hz  at  1  Hz.  Unfortunately,  such  feedback 
affects  phase  as  well  as  amplitude  of  the  laser.  As  a  comparison,  figure  3  shows  the  series 
120  laser  RIN,  before  and  after  closing  the  loop  on  the  external  modulator,  with  a  RIN 
reduced  to  -120  dB/VHz  at  1  Hz. 

After  launching  into  a  single  mode  fiber,  the  RIN  below  10  Hz  increases  to  about  -70 
dB/VHz  at  1  Hz,  due  to  drifts  in  the  launch,  which  superseed  any  prior  correction. 
Reduction  of  the  intensity  noise  was  then  obtained  by  remotely  controlling  the  modulator 
with  a  pigtailed  detector,  located  after  the  launch  fiber  coupler.  The  output  of  the  fiber 
coupler  was  checked,  to  ascertain  correlation  of  the  2  output  ports  of  the  coupler  down  to 
subhertz  regimes.  The  improvement  in  the  RIN,  shown  in  figure  4,  (40  dB  at  1  Hz), 
keeps  the  RIN  below  -80  dB/VHz,  down  to  »  200mHz.  The  improved  noise  level 
obtained  at  frequencies  larger  than  1  Hz  with  the  remote  feedback,  (RIN  of  -140  dB/>/Hz 
with  remote  feedback,  vs  -120  dB/VHz  with  external  feedback )  is  believed  to  be  due  to 
the  advantages  gained  by  selecting  a  small  area  low-noise  detector  (InGaAs)  and  a 
pigtailed  configuration  over  a  large  area  Germanium  and  bulk  focusing  configuration. 
Acknowledgments:  The  authors  wish  to  acknowledge  the  Office  of  Naval  Technology  for 
partial  funding  of  this  work  and  to  thank  C.  A.  Villarruel  for  valuable  discussions. 
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Figure  1-  Schematic  of  the  set-up  for  RIN  measurement  and  compensation. 
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Figure  2-  RIN  of  series  122  laser,  with  and  without  its  own  low-frequency  correction. 
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Figure  3-  RIN  of  series  120  laser,  with  and  without  external  control  on  the  reference 
detector. 
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Figure  4-  RIN  of  series  120  laser  measured  after  injecting  light  into  a  fiber,  with  and 
without  remote  correction  on  the  fiber  pigtailed  detector. 
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Frequency  shifting  is  a  well  established  technique  to  produce  a  l^erodyne 
earner  at  a  fr^uency  suitable  for  subsequent  electronic  demodulation  .  An 
acousto-optic  Bragg  cell  is  traditionally  utmsed  to  produce  40  or  80  MHz 
carriers,  for  example.  However,  these  devices  are  generally  incompatible  with 
fibre  optic  systems  due  to  the  losses  incurred  in  coupling  into  and  out  of 
monomc^e  optical  fibre. 

In-fibre  components  have  been  jdeveloped  which  operate  by  coupling  light  between 
polarisation  or  spatial  modes  of  an  optical  fibre  using  externally  generated 
travelling  acoustic  waves  coupled  onto  the  optical  fibre.  In  general,  such 
devices  are  difficult  to  fabricate,  require  several  watts  of  electrical  input 
power  and  are  not  mechanically  rugged. 

In  this  paper,  an  in-fibre  technique  for  producing  a  heterodyne  carrier 
frequency  usmg  Stimulated  Brillouin  scattering  (SB!^  is  reported.  SBS  is  a 
non-linear  effect  associated  with  the  interaction  of  a  pump  signal,  optically 
induced  acoustic  phonons,  and  a  frequency  downshifted  backsc^er^  signal.  By 
mixing  the  SBS  signals  produced  independently  from  the  two  eigenaxes  of 
birefhngent  fibre,  carrier  frequencies  in  the  l-20MHz  region  can  be  generated. 
This  frequency  is  compatible  with  established  electronic  demodulation  systons. 
This  paper  describes  the  background  theory  to  the  approach  and  its  experimental 
validation,  and  then  discusses  the  implications  of  the  results  for  SbS  bas^ 
sensing  systems. 

Theory:  SBS  ^  be  described  as  a  three-wave  interaction,  between  an  optical 

pump,  an  acoustic  phonon  and  the  scattered  signal.  The  pump  beun  is  scattered 
by  an  acoustic  phonon;  the  pump  and  scattered  wave  men  interfere  to  induce 
more  phonons  in  the  fibre  via  electrostriction  and  the  process  builds  up.  The 
backscattered  Stokes  signal  is  frequency  downshifted  with  respect  to  the  pump 
and  is  given  by: 


_2nV 


(1) 


where  is  the  pump  wavelength,  V  is  the  acoustic  phonon  velocity  and  n  the 
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core  refractive  index.  For  a  514.5nm  pump  in  mooomode  fibre,  v  is 
approximately  34  GHz.  This  is  generally  too  high  for  use  in  elecfronic 

demodulation  schemes  but  may  be  reduced  by  at  least  three  orders  of  magnitude  by 
bating  together  the  SBS  signals  prefaced  from  the  fast  and  slow  axes  of  the 
birefringent  optical  fibre.  From  eqn  1 ,  this  frequency,  &v,  is  given  by 


(2) 


X,.  ^  -2V 

*  V  •  -T^ 

where  n  and  n^  are  the  refractive  indices  of  the  slow  and  fast  axes 

respectively  and  L  is  the  beat  length  of  file  fibre.  For  high  birefringent 

fibre,  with  eaual  to  1mm,  a  beat  frequency  of  11.9  MHz  is  p^icted.  Note 

that  no  externally  applied  power  is  r^uired  to  generate  the  optical  carrier. 


Experiment  and  results:  The  experimental  arrangement  used  to  demonstr^e  the 
SBS  i^uency  shifting  concept  is  illustrated  in  Fig  1.  A  Lexel  3000  Ar  laser 
operating  in  a  single  longitudinal  mode  at  S14.5nm  was  used  as  the  pump.  The 
light  was  coupled  into  an  800m  sample  of  3M/Eotec  birefringent  nbre  via  an 
optical  isolator  and  half  wave  plate.  The  fibre  was  single  mode  at  633nm,  with 

a  1.6mm  beat  length  and  losses  of  14.3  dB/km  at  63(him.  The  fibre  demonstrated 
an  SBS  onset  thre^old  of  24mW  and  produced  55%  conversion  efficiency  for  llOmW 
launch  powers.  The  fibre  was  capable  of  supporting  both  LPg,  and  LR ,  modes 

when  operated  at  514.5nm  but  the  output  spatial  profiles  of  me  SBS  reom  each 

eigenaxis  indicated  that  only  the  fundamental  mode  (LPa^)  was  undergoing  SBS. 
The  backscattered  flux  was  simultaneously  monitored  by  both  a  scanning 
Fabry-Perot  interferometer  and  a  high  speed  detector,  the  latter  being 

connected  to  an  electronic  spectrum  analyzer. 

The  half  v^ve  plate  was  rotated  to  align  the  input  polarisation  plane  of  the 
pump  at  45  to  the  fast  and  slow  eigneaxes  of  the  fibre.  The  SBS  signals  from 
each  eigenaxis,  when  monitored  independently,  demonstrated  some  interesting 
features.  The  signals  consisted  of  randomly  occuring  pulsed  modes  (life-times 
<  <  Isec.)  superimposed  on  a  broad  spectrum,  ran^g  from  d.c.  to  15MHz  (3dB 
point).  These  observations  are  consistent  with  recent  researdi  investigating 

the  chaotic  properties  of  SBS  in  fibres  .  Chaotic  behaviour  results  from 
feedback  mechanisms  arising  both  within,  and  at  the  air-core  interfaces  of  the 
fibre  and  produces  large  intensity  instabilities  in  the  d.c.  to  MHz  frequency 

region  of  the  propagating  hght. 

Typical  results  for  the  system  are  illustrated  in  Fig  2.  Fis  2(a)  shows  the 
output  of  the  system  with  both  eigenaxes  populated  below  SBS  thr^hold.  Fig 
2(b)  shows  the  system  output  when  one  eigenaxis  was  producing  SBS.  The 

broadband  chaotic  phenomenon  associated  with  the  SBS  is  displayed,  though  no 

pulsed  modes  were  present  when  the  frame  was  sampled.  Fig  2(c)  is  a 
representative  output  for  simultaneous  SBS  occuring  along  both  axes.  llie  mean 
upshift  was  10.6  MHz,  sampled  from  approximately  W  readings.  Unlike  the 
randomly  occuring  pulsed  modes,  the  carrier  was  present  at  all  times,  though  it 

was  modulated  about  its  mean  value  by  ±8  MHz  (standard  deviation),  character¬ 
istic  again  of  the  chaos  induced  instabilities  in  the  system.  On  insertion  of 

the  fibre  parameters  into  eqn  2,  a  9.2MHz  carrier  signal  is  predicted. 

Discussion:  Experiments  indicate  that  a  frequency  shifter  is  attainable  in 

principle.  The  frequency  instabilities  associated  with  the  chaos,  however, 

nave  repercussions  for  the  whole  concept  of  utilising  SB§i  -for  sensors  and 

signal  processing  elements.  Proposed  SBS  sensing  systems  ^  ,  in  which  the 
frequency  of  the  SBS  is  modulated  by  an  external  measurand,  have  not  indicated 
the  presence  of  significant  instabilities,  suggesting  that  the  choice  of  an 

alternative  pump  and/or  fibre  may  minimise  the  effect. 
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Clearly,  the  freauency  stability  of  the  SBS  signal  is  an  essential  factor  in 
obtaining  high  resolution  sensing  systems. 

The  relatively  high  power  requirements  of  the  system  described  here  can  be 
relaxed  by  using  infra-red  laser  diodes  in  con^ction  with  fibre  ring 
resonator  systems.  Sub-milliwatt  SBS  threshold  levels  have  been  reported  for 
such  configurations,  demonstrating  the  potential  of  developing  a  miniaturised, 
fibre  compauble  component. 
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Prequ^icy  (MHz) 

Fig.  2(a)  System  Output  Spectrum  (l>30MMHz):  No  SBS 
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Fig.  2(b)  System  Output  Spectrum  (l-3000MHz):  SBS  Along  one  Eigemuds 
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The  development  of  fibre  optic  based  sensor  systems^)  has  created  a  need  for  an  all  Bbre 
tunable  frequency  shifter  in  order  that  efficient  heterodyne  signal  processing  can  be  effected- 
Several  methods  have  been  reported  in  which  an  acoustic  wave  of  wavelength  equal  to  the  beat 
length  of  the  fibre  is  used  to  couple  a  guided  optical  beam  from  one  mode  to  another  for  example 
Lpoi  to  Lpi  1  or  between  the  non  degenerate  Lpoi  modes  of  highly  birefringent  fibre^^*^).  The 
acoustic  wave  being  generated  either  by  acoustic  horns,  acoustic  torsional  generators  or  surface 
acoustic  waves^^*^*^).  Although  all  these  devices  show  promise  the  fact  that  they  must  operate  at 
fixed  frequencies  will  tend  to  limit  their  applicability. 

In  this  paper  we  report  the  use  of  Sdmula^d  Briilouin  Scattering  (SBS)  generated  in  two 
high  frnesse  ring  resonators  to  realize  a  tunable  fibre  frequency  shifter  in  the  range  10-60  MHz. 
The  frequency  shifted  signal  is  line-narrowed  with  respect  to  the  pump(^  and  additionally  the 
configuration  provides  complete  suppression  of  any  unshifted  light 

SBS  can  be  described  as  a  3  wave  interaction  involving  the  incident  pump,  a  generated 
acoustic  wave  and  the  scattered  Stokes  signal.  Classically,  the  pump  creates  a  propagating 
pressure  wave  in  the  medium  caused  by  electrostriction  and  the  resultant  variation  in  the  density 
changes  the  optical  susceptibility.  Thus  the  incident  wave  pumps  the  acoustic  wave  which  scatters 
it,  and  the  scattering  generates  the  Stokes  signal.  The  Stokes  wave  is  downshifted  in  frequency 

by  an  amount  equal  to  the  frequency  v^: 

V  =  Sin  e/2  (1) 

X 

where  n  is  the  refractive  index,  Va  the  hypersonic  velocity,  X  the  wavelength  of  the  pump  and  0 
the  scattering  angle.  For  a  typical  single  mode  fibre  at  633  nm  the  SBS  frequency  shift  is 
~27GHz,  a  frequency  which  is  too  high  for  general  purpose  signal  processing.  However,  an 
equivalent  optical  shift  in  the  region  of  10  -  60  MHz  should  be  achievable  by  mixing  the  outputs 
from  two  SBS  ring  resonator  lasers. 

Fot  SBS  signals  generated  in  long  lengths  of  fibre,  the  beat  frequency  Avb  is  given  by: 

Av-  ^2(”lVai-"2Va2)si"9/^  (2) 


and  Avg  is  continuously  tunable  by  varying  the  temperature  of  one  fibre  with  respect  to  the 
other(7).  The  situation  is  more  complex  in  the  case  of  mixing  the  outputs  ofwo€i3s  lasers,  as 
they  can  only  oscillate  at  frequencies  Vn,  where  the  SBS  gain  curve  coincides  with  the  resonant 
firequencies  of  the  ring  laser  cavity^^)-  Hence  a  discretely  tunable,  variable  frequency,  all  fibre 
optic  frequency  shifter  should  be  realizable  by  simply  varying  the  temperature  of  one  ring 
resonator  laser  with  respect  to  the  other.  The  advantage  of  this  approach  is  that  much  lower 

optical  powers,  typically  <  lOOpw^®)  are  required  to  generate  SBS  in  ring  resonators  in 
comparison  with  the  tens  of  mW  required  for  generation  in  long  fibre  lengths. 

The  experimental  configuration  is  shown  in  figure  1.  The  output  beam  from  the  single 

mode  He-Ne  pump  laser  of  output  power  SOOpw  was  initially  injected  into  a  monomode  fibre 
with  a  cut  off  wavelength  of  600nm.  This  beam  was  launched  into  the  two  ring  resonators 
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fabricated  'in-house'  through  a  tunable  polished  coupler.  Ring  resonator  (1),  2.4m  in  length  (Free 
spectral  range  (FSR)  85.5  MHz)  was  hibricated  from  Lightwave  Technology  fibre  wMlst  ring 
resonator  (2)  2.36  m  length  (FSR  of  87  MHz)  was  fabricated  from  York  fibre.  The  finesse  of 
both  resonators  was  in  excess  of  400.  Servo  controlled  piezo-electric  stretchers  were  incoiporated 
into  each  ring  resonator  such  that  they  could  be  independently  locked  at  the  resonance  peak 
corresponding  to  the  pump  frequency.  Polarisation  controllers  were  included  in  each  resonator  to 
ensure  the  SBS  laser  would  only  oscillate  in  one  polarisation  state.  This  ensures  that  the  power 
circulating  in  the  ring  is  at  a  maximum  and  hence  the  SBS  threshold  is  at  a  minimum.  Both  rings 
were  placed  in  thermal  enclosures  to  maximise  their  frequency  stability.  For  the  data  shown  in 

figure  2,  210  and  280  p.w  of  input  power  was  injected  into  rings  (1)  and  (2)  respectively.  The 
overall  optical  efficiency  of  the  fibre  network  was  ~68%  and  SBS  thresholds  were  experimentally 

observed  as  140nw  and  1  lO^w  for  rings  (1)  and  (2)  respectively. 

The  backward  propagating  SBS  signals  were  then  transferred  by  the  tunable  coupler  and 
subsequently  analyzed  in  two  ways.  Firstly  with  a  photo-diode,  the  resulting  beamote,  Avg, 
generated  at  the  photo  diode  being  detected  with  a  high  frequency  spectrum  analyzer.  Secondly, 
via  a  third  ring  resonator  (finesse  530,  linewidth  2^kHz)  which  resolved  the  generated  SBS 
signal  directly  in  the  optical  domain. 

From  the  manufacturers  data  the  values  of  the  refractive  indices  of  the  fibre  cores  were 
1.4619  and  1.460,  hence  the  predicted  beat  frequency  from  equation  (2)  was  ~35.8MHz  at  20'C. 
The  observed  beat  frequency  was  in  fact  20MHz,  indicating  that  the  resonator's  frequencies  did 

not  coincide  with  the  peak  of  the  SBS  gain  curve.  The  beat  signal  power  was  ~45liw,  giving  an 
overall  frequency  conversion  efficiency  of  ~10%. 

Direct  observation  of  the  SBS  signal  in  the  optical  domain  gave  an  upper  bound  value  for 
the  linewidth  of  of  260kHz  (equivalent  to  the  linewidth  of  resonator  3). 

In  order  to  achieve  a  different  beat  frequency  the  temperature  of  ring  (1)  was  continuously 
varied  relative  to  ring  (2)  which  was  held  at  room  temperature.  The  variation  of  the  beat  frequency 
as  a  function  of  the  differential  temperature  of  the  rings  is  shown  in  figure  2.  The  observed 
behaviour  is  predictable  from  the  known  value  of  3MHz/*C(®»*0);  the  variation  of  the  SBS  gain 

peak  with  temperature  (dVj/dT).  A  temperature  change  of  ~10*C  will  cause  a  significant  change  in 
the  absolute  frequency  of  the  SBS  gain  peak  causing  the  ring  fibre  laser  to  mode  hop  and  oscillate 

at  Vl„  ±  FSR.  As  anticipated  Avb  is  virtually  independent  of  temperature  undergoing  a  discrete 

frequency  jump  at  a  finite  differential  temperature.  The  slight  variation  in  Vq  with  temperature 
before  and  after  the  mode  hop  can  be  attributed  to  the  servo  in  the  heated  ring  locking  to  slightly 
different  points  on  the  resonance  peak  as,  due  to  its  limited  range,  it  had  to  be  reset  several  times 
during  the  experiment 

A  priori  it  is  not  possible  to  predict  the  value  of  the  new  beat  frequency  as  one  of  the  rings 
is  heated,  because  the  absolute  value  of  the  SBS  gain  peak  will  decrease  with  temperature  hence 
the  new  l^t  note  will  be  either 

Vb  =  (VLnl  +  FSR)  -  VLn2  O*"  V’b  =  (FSR  -  VLm)  -  VLn2- 
Assuming  the  temperature  of  the  ring  increases  in  the  same  sense  all  subsequent  frequency 
changes  will  be  equal  to  the  FSR.  The  data  shown  in  figure  2  where  the  frequency  jump  is 

33MHz,  corresponds  to  v'g.  The  spectra  observed  in  the  optical  domain  confirm  these  results. 
Figure  3  shows  the  SBS  generated  in  ring  resonator  1.  Upon  heating,  the  Stokes  line  is  clearly 
seen  to  shift  by  ~84.7MHz  i.e.  the  FSR  of  ring  resonatorl. 

In  conclusion  we  have  for  the  first  time  demonstrated  an  entirely  new  topology  for  an  all 
fibre  frequency  shifter.  Although  the  frequency  conversion  efficiency  was  only  ~10%  increased 
efficiencies  can  be  anticipated  if  higher  power  single  frequency  lasers  are  used  to  generate  the 
SBS  signals(^^)- 
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Fig.  1  Experimental  configuration  for  the  all-fibre  frequency  shifter. 
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Fig.2  Variation  of  the  beat 
frequency  as  a  function  oi 
ten^eiature  on  die  cooling  and 
heating  cycles.  The  frequency  junqi 
of  33MHz  is  the  same  whetl^  the 
ling  was  heated  tK*  cooled;  die 
transition  tenqieratuies  woe 
different  being  13.7*C  (cooling)  and 
9.7*C  (heating). 


i)  Before  heating  when  the 
relative  shift  of  S  to  R  is 
-14.3MHz. 


ii)  After  heating  the  relative 
shift  from  S 10  R  is 
70.4MHz.  Hence 
corresponding  to  a  frequency 
jump  of  84.7MHZ  i.e.  the 
FSR  of  resonator  (1). 


Optical  spectrum  of  the  SBS  signal  generated  in  ring  resonator  (1)  analyzed  with 
resonatcn*  (3).  FSR  equal  to  140.8MHz:  R  indicates  the  Rayleigh  line,  S  and  S'  the 
SBS  signals  corresponding  to  the  polarization  modes  of  the  fibre. 
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INTRODUCTION: 

In  white-light  interferometry,  two  unbalanced  intoferometers  are  coupled  in  tandem.  Typically, 
two  Michelson  interferometers  are  used.  The  optical  pathlength  difference  between  the  two 
arms  in  each  interferometer  is  large  compared  to  the  source  coherence  length.  The  measurand 
acts  on  one  arm  of  the  sensing  interferometer,  determining  its  optical  pathlength.  The  length  of 
one  arm  of  the  second  interferometer,  which  is  called  the  reference  or  receiving  interferometer, 
is  scanned,  and  a  visibility  maximum  is  observed  when  the  pathlength  mismatch  is  the  same  for 
the  two  interferometers  [1].  The  technique  is  closely  related  to  a  multiplexing  technique  called 
coherence  multiplexing,  in  which  fiber-optic  Mach-Zelir.der  interferometers  [2,3]  or 
polarimeters  [4]  are  often  used. 

A  drawback  of  the  most  common  realization  is  that  mechanical  scanning  of  the  reference 
interferometer  is  required.  Recently,  however,  methods  for  electronic  scanning  have  been 
developed.  These  employ  spatial  modulation  and  CCD  arrays  [5,6]. 

In  this  paper  we  demonstrate  a  novel  method  for  scanning  optical  time  delay  without  mechanical 
motion.  The  method  is  based  on  the  difference  in  group  delay  between  two  modes  in  an  optical 
fiber.  The  scanning  is  performed  by  an  acoustic  pulse  propagating  along  the  fiber,  performing 
the  coupling  between  die  two  modes. 

In  the  present  realization,  we  use  two  spatial  modes  in  an  elliptic-core  fiber.  An  alternative 
would  be  to  use  two  polarization  modes.  However,  the  difference  in  group  velocity  is  less  for 
polarization  modes,  and  furthermore,  acoustic  coupling  between  spatial  modes  is  much  more 
efficient  [7]. 

PRINCIPLE  AND  EXPERIMENT: 


The  optical  part  of  the  experimental  set-up  is  shown  schematically  in  Figure  1.  The  source  is  a 
multimode  diode  laser  of  670  nm  wavelength,  TOLD  9200  from  Toshiba.  Its  coherence 
function  consists  of  a  series  of  peaks,  spaced  2.5  mm  apart.  Each  has  a  width  of  approximately 
280  |J,m.  The  delays  involved  in  our  experiment  are  so  small  that  there  is  no  interference 
between  the  peaks.  For  our  purpose,  therefore,  the  coherence  function  may  be  considered  as 
having  a  single  peak  of  280  pm  width. 
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Figure  1:  Schematic  drawing  of  optical  part  of  experimental  set-up. 


The  light  is  launch^  into  a  piece  of  elliptical  core  fiber,  PMF  820  from  Lightwave  Technology 
Inc..  TTiis  fiber  is  single  mc^e  at  820  nm.  At  the  operating  wavelength  of  670  nm,  two  ^atial 
modes  can  propagate,  the  fund^ental  LPqi  mode,  and  the  next  higher  mode,  LPf^®"^  The 
latter  has  two  near-field  intensity  lobes  in  the  direction  of  the  long  axis  of  the  core.  In  the 
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following,  we  shall  refer  to  it  simply  as  the  LPn  mode.The  two  modes  can  be  coupled  by  an 
acoustic  flexural  wave  with  motion  along  the  long  axis  of  the  elliptic  core.  The  coupling  is 
maximum  if  the  acoustic  wavelength  equals  the  l^atlength  between  the  two  optical  modes, 
which  is  0.775  mm  for  the  present  fiber.  The  flexural  wave  velocity  at  this  wavelength  is  3100 
m/s,  and  the  corresponding  acoustic  frequency  is  approximately  4  MHz. 

The  mode  stripper  shown  in  Figure  1  consists  of  a  piece  of  fiber  wrapped  around  a  mandrel  of 
1  cm  diameter.  This  arrangement  effectively  removes  the  LPn  mo^.  Thus,  the  input  to  the 
active  part  of  the  fiber  is  a  pure  LPol  mode. 

The  fiber  coating  is  removed  over  a  length  of  59  cm.  This  part  of  the  fiber  is  supported  at  both 
ends,  and  a  flexural  wave  transducer,  in  the  form  of  a  tapered  quartz  rod  excit^  by  a  PZT,  is 
attached  to  the  fiber  by  a  low  melting-point  glass  [7]. 

The  transducer  excites  a  15  )xs  long  flexural  wave  pulse,  corresponding  to  4.65  cm  on  the  fiber. 
At  the  position  of  the  pulse,  part  of  the  LPqi  mode  power  is  converted  to  an  LPn  mode  with  a 
downshift  in  frequency  of  4  MHz  relative  to  the  LPqi  mode.  The  fiber  length  from  the 
transducer  to  the  end  is  102  cm.  Thus  the  length  of  fiber  where  both  modes  propagate  is 
scanned  from  102  to  102  -  59  =  43  cm  during  the  190  |is  it  takes  for  the  flexural  wave  pulse  to 
propagate  down  the  bare  part  of  the  fiber.  Since  the  group  velocities  of  the  two  modes  are 
different,  a  variable  delay  is  introduced.  The  difference  is  not  known  exactly,  but  from  the 
difference  in  phase  velocity  we  calculate  a  delay  of  3x10"^^  s  per  meter  fiber.  With  this  value, 
the  delay  is  scanned  from  0.92  to  0.39  mm  free  space  propagation.  In  reality,  the  group 
velocities  differ  less  than  the  phase  velocities,  and  hence,  the  real  delays  are  smaller  than  these 
values  [8]. 

In  this  proof-of-principle  experiment,  the  variable  delay  interferometer  is  coupled  to  a  second 
fiber  interferometer  of  the  same  type,  consisting  of  a  piece  of  the  same  two-mode  fiber.  Cross 
coupling  between  the  modes  takes  place  at  the  non-ideal  splice  between  the  two  fibers. 

RESULTS: 

The  results  are  shown  in  Figure  2.  In  Figure  2a  the  second  fiber  has  a  length  of  85  cm.  The 
upper  trace  shows  the  15  p.s  pulse  of  4  MHz  input  to  the  PZT.  The  lower  trace  shows  the  4 
MHz  beat  frequency  at  the  photodetector.  A  pulse  appears  when  the  flexural  wave  pulse  is  at  a 
position  which  makes  the  two  interferometers  equal  in  length. 


(a)  (b) 

Figure  2:  Input  to  PZT  (upper  trace)  and  output  from  photodetector  (lower  trace),  a):  Second 
fiber  85  cm.  b):  Second  fiber  59  cm. 


190 


In  Figure  2b  the  length  of  the  second  fiber  is  reduced  to  59  cm,  and  the  output  pulse  is  moved 
correspondingly.  The  positions  of  the  pulses  in  Figure  2a  and  2b  agree  with  expectations  to 
within  the  measurement  accuracy. 

ALTERNATIVE  DESIGNS; 

Figure  3  shows  some  alternative  realizations  of  the  variable  delay.  Figure  3a  shows  the  method 
reported  here.  In  Figure  3b,  flexmal  wave  pulses  propagate  in  both  directions.  In  the  first 
pulse,  the  input  LPqi  mode  excites  an  LPu  mode  with  a  frequency  upshift.  In  the  second 
pulse,  the  LPu  mode  excites  an  LPqi  mode  again,  with  the  same  frequency  upshift.  At  the 
output,  two  LPqi  modes  exist,  with  a  relative  delay,  and  a  frequency  difference  of  twice  the 
flexural  wave  frequency  [9]. 

In  Figure  3c,  two  pulses  are  excited.  They  can  be  delayed  relative  to  each  other.  The  delay 
between  the  LPqi  and  the  LPu  mode  is  constant  during  one  sweep,  but  it  can  be  varied  from 
one  sweep  to  the  next  by  varying  the  delay  between  the  two  acoustic  pulses.  In  this  case,  the 
two  frequency  shifts  are  in  opposite  directions,  and  the  two  output  LPqi  modes  have  the  same 
frequency. 

In  both  b)  and  c),  separate  transducers  can  be  used  if  a  longer  delay  is  required.  This  will  not 
influence  the  range  over  which  the  delay  is  scanned,  however. 

ACOUSTIC  PULSE 


I 


(a) 


T 


ACOUSTIC  PULSES 

I  I 


(b) 


ACOUSTIC  PULSES 


(C) 


Figure  3:  Alternative  designs. 

In  many  applications,  a  scan  range  larger  than  that  obtained  here  is  required.  Larger  scan  ranges 
carl  be  obtained  by  using  specially  designed  fibers,  to  increase  the  group  velocity  difference. 
Using  composite  glasses,  a  fiber  can  be  made  with  a  central  part  of  the  core  consisting  of  low 
group  velocity  glass,  surrounded  by  a  glass  with  high  group  velocity.  Since  the  LPu  mode 
propagates  farther  away  from  the  fiber  axis  than  the  LPqi  mode,  its  group  velocity  will  be 
determined  primarily  by  the  glass  in  the  outer  part  of  the  core,  whereas  the  group  velocity  of  the 
LPoi  mode  is  determined  primarily  by  the  glass  in  the  central  part  of  the  core. 
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Summary 

Phase-modulated  fiber  optic  sensors  have  been  shown  to  possess  high  sensitivities  for  the 
measurement  of  strain,  temperature,  vibration,  pressure  and  other  parameters.^  Fabiy-Perot  (FP) 
sensors  that  are  based  on  multiple  beam  interference  eliminate  the  need  for  a  reference  arm  and 
do  not  require  sophisticated  stabilization  techniques  as  in  the  case  of  Mach-Zehnder  smd 
Michelson  interferometers.^  Several  techniques  to  create  intrinsic  optical  fiber  Fabry-Perot 
interferometers  have  been  described  in  the  past.  ^  In  a  recent  paper,  we  described  an  optical  fiber 
extrinsic  FP  interferometer  and  used  it  as  a  sensor  of  microdisplacements  and  thermally- 
induced  strain.^  The  fiber  interferometer  was  classified  as  extrinsic  because  the  FP  cavity  was 
an  air-gap  between  two  fiber  ends  and  the  sensor  output  was  immune  to  perturbations  in  the 
input/output  fiber. 

We  describe  the  construction  of  the  extrinsic  FP  interferometer  with  reference  to  Figure  1.  A 
single  mode  fiber  (Xq=  1300  nm),  used  as  the  input/output  fiber  and  a  multimode  fiber,  used  purely 
as  a  reflector,  form  an  air  gap  that  acts  as  a  low-finesse  FP  cavity.  The  far  end  of  the  multimode 
fiber  is  shattered  so  the  reflections  from  the  far  end  do  not  add  to  the  detector  noise.  The  Fresnel 
reflection  from  the  glass/air  interface  at  the  front  of  the  air  gap  (reference  reflection)  and  the 
reflection  from  the  air/glass  interface  at  the  far  end  of  the  air  gap  (sensing  reflection)  interfere  in 
the  input/output  fiber.  Although  multiple  reflections  occur  within  the  air  gap,  the  effect  of 
reflections  subsequent  to  the  ones  mentioned  above  can  be  shown  to  be  negligible.  The  two  fibers 
in  the  silica  tube  are  allowed  to  move  longitudinally  which  results  in  changes  in  the  air  gap 
length  thus  changing  the  phase  difference  between  the  reference  reflection  and  the  sensing 
reflection.  The  phase  difference  can  be  monitored  as  intensity  modulations  at  the  output  of  a  fUsed 
biconical  tapered  coupler. 

The  interference  of  the  two-wave  interferometer  can  be  evaluated  in  terms  of  a  plane-wave 
approximation.  The  observed  intensity  at  the  detector  is  a  superposition  of  the  two  reflections  and 
can  be  shown  to  be  ^ 

Idet  =  I  Ui  +  U2 1  ^  =  A|  +  aI  +  2  Ai  A2  cos  (j^i  -  (1) 
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which  can  be  rewritten  as 


ldct=  A2 


1+  - ^-8 - COS  - 

a  +  2stan  [sin'^(NA)]  X  V8  +  2stan[sin'*(NA)]j 


.  (2) 


where  we  have  assumed  that  =  0  and  ^2  -  ^  (2ic/X),  and  X  is  the  wavelength  of  operation  in  free 
space.  In  Equations  (1)  and  (2),  Uj  (z,  z,  t)  represents  the  complex  amplitude  of  the  interfering 
electromagnetic  waves,  a  is  the  fiber  core  radius,  t  is  the  transmission  coefficient  of  the  air-glass 
interface  (»  0.98),  s  is  the  end  separation  and  NA  is  the  numerical  aperture  of  the  single-mode 
fiber,  given  NA  =  (nj^  -  n2^^^.  The  terms  nj^and  n2are  the  refractive  indices  of  the  core  and 
the  cladding,  respectively.  For  a  strain  sensor,  it  is  useffil  to  plot  the  detected  intensity  versus  gap- 
separation  s,  as  shown  in  Figure  2.  We  see  that  the  fringe  contrast  drops  as  the  displacement 
increases;  this  is  to  be  expected  since  the  relative  intensity  of  the  sensing  reflection  recoupled  into 
the  input/output  fiber  starts  dropping  with  respect  to  the  reference  reflection. 

The  extrinsic  FP  interferometer  has  been  tested  as  a  displacement  sensor  by  attaching  one  fiber  to 
a  stationary  block  and  the  second  fiber  to  a  micropositioner  which  produces  a  known  displacement 
between  the  fiber  ends.  For  comparison  with  the  theoretical  results,  we  show  in  Figure  3  an 
oscilloscope  trace  of  the  continuously  monitored  output  intensity  of  the  sensor  for  s  =  0  to  s  =  208  pm . 
The  experimentally  counted  number  of  fringes  for  the  displacement  was  310.5  which  corresponds 
to  a  displacement  of  202  micrometers. 

The  reduction  in  fringe  contrast  as  a  function  of  displacement  has  been  improved  by  splicing  a 
multimode  optical  fiber  onto  the  end  of  the  input/output  fiber  and  then  polishing  the  multimode 
fiber  until  the  output  light  is  somewhat  collimated.  The  length  of  multimode  fiber  is  on  the  order  of 
a  few  millimeters  and  serves  as  a  quarter-pitch  GRIN  lens.  The  experiment  described  in  Figure  3 
was  repeated  with  the  lensed  fiber  and  the  results  are  presented  in  Figure  4. 

The  principle  of  operation  of  a  quadrature  phase-shifted  Fabry-Perot  (QPS-FP)  sensor  has  been 
described  in  detail.^  A  method  of  obtaining  two  signals  90*’  out  of  phase  with  respect  to  one  another 
are  shown  in  Figures  5.  To  test  the  validity  of  the  quadrature  phase-shifted  sensors,  a  sensor 
(using  the  scheme  shown  in  Figure  5)  was  attached  to  a  cantilever  titanium  beam  with  an  epoxy. 
The  fiber  sensor  was  attached  parallel  to  the  length  of  the  beam  and  beam  vibrations  were 
monitored.  A  typical  oscilloscope  trace  is  shown  in  Figure  6.  The  figure  clearly  shows  the  shift  in 
the  lead/lag  properties  of  the  two  signals  as  the  relative  direction  of  the  strain  in  the  beam  changes 
from  increasing  to  decreasing. 

A  QPS-FP  sensor  was  tested  as  a  thermally-induced  strain  gauge  on  a  ceramic  cross-flow  (CXF) 
filter  at  Westingbouse  Science  and  Technology  Center,  in  Pittsburgh.  CXF  filters  are  used  for  hot 
gas  clean-up  of  coal-fired  power  generation  systems,  such  as  pressurized  fluidized-bed  combustors 
and  integrated  gasifier-combined  cycles.  Figure  7  shows  the  QPS-FP  sensor  output  as  a  fimction 
of  time  during  the  heat-up  portion  of  the  test  compared  to  the  filter  temperature  measured  using  a 
conventional  thermocouple.  The  sensor  performed  equally  well  during  the  cool-down  cycle. 

A  one  centimeter  gauge  length  QPS-FP  sensor  was  attached  to  a  cantilever  beam  and  then 
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submerged  in  a  liquid  nitrogen  (-273°  C)  bath.  The  tip  of  the  cantilever  beam  was  displaced  and 
then  released  several  times,  a  typical  oscilloscope  trace  can  be  seen  in  Figure  8.  The  fringes 
correspond  to  276  microstrain  which  is  within  10%  of  the  calculated  value  of  strain.  The 
minimum  detectable  phase  shift  was  0.0996  °  which  corresponds  to  a  minimum  detectable  strain  of 
0.01  pstrain  for  a  gauge  length  of  19.03  mm.  Static  and  dynamic  loading  data  obtained  from  the 
sensors  show  a  high  degree  of  accuracy  and  a  strain  resolution  of  0.01  pm/m.  The  sensor  was 
successfully  demonstrated  as  a  thermally  induced  strain  monitor  in  an  industrial  environment 
up  to  450°  C  (the  limitation  of  the  fiber  coating  not  the  sensor  itself).  The  sensor  has  been  used 
successfully  in  a  laboratory  up  to  975°  C  with  no  coating.  The  sensor  has  also  been  demonstrated  as 
a  strain  gauge  at  -273°  C  attached  to  a  cantilever  beam. 
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Fig.  1.  Sensor  system  and  sensor  detail.  L-laser, 
D-detector,  C-coupler,  SH-sensor  head, 
R-reflections,  S-gap  separation. 


Fig.  2.  Therotical  output  vs.  gap  sqxntion. 
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Fig.  3.  Fringe  contrast  without  lensed  sensor. 
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Fig.  4.  Fringe  contrast  witii  lensed  tip. 
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Fig  5.  Detail  of  quadrature  phase-shifted  sensor 


Fig.  7.  Results  of  F-P  sensor  during  high 
temperature  testing. 


Fig.  6.  Quadrature  phase-shifted  sensor  trace 
showing  lead  -lag  phenomenon. 
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Fig.  8.  Oscillogrraph  of  F-P  sensor  at 
temperatures  of  -273“  C. 
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A  Novel  Fibre  Refractive  Index  Sensor  Using  Resonance 

Shift  Phenomena 

G.Thursby,  W. Johnstone,  K.McCalllon,  D. Hoodie  and  B.Culshaw. 
University  of  Strathclyde,  Dept,  of  Electrical  and  Electronic  Eng, 
204  George  St.  Glasgow  Gl  IXW. 

ABSTRACT 

A  fibre  based  refractive  index  sensor  is  described  which  is 
capable  of  detecting  changes  in  refractive  index  of  <  4  x  10 
If  an  electro-  optic  overlay  is  used,  there  exists  the  potential 
for  producing  a  closed  loop  device. 

INTRODUCTION 

Refractive  index  sensors  have  many  applications  in  the  fields  of 
biochemistry,  chemical  analysis  and  immuno- as saying.  This  paper 
describes  a  refractive  index  sensor  which  is  an  in-line,  solid 
state,  fibre  based  device,  whose  stimcture  is  similar  to  that 
previously  described  for  producing  modulators  ’  and  wavelength 
selective  elements  .  The  device  (  fig.  1  )  consists  of  a  high 
index,  (  >  fibre  core  index  ),  nniltimode,  planar  waveguide 
evanescently  coupled  to  a  side  polished  single  mode  fibre.  Light 
launched  into  the  fibre  will  couple  to  the  waveguide  under 
resonance  conditions,  i.e.  if  the  effective  index  of  one  of  the 
modes  of  the  waveguide  matches  that  of  the  monomode  fibre,  n^^. 

Wavelength  scanning  such  a  device  will  give  a  transmission 
characteristic  such  as  that  shown  In  fig. 2,  where  the  sharp  drops 
in  throughput  correspond  to  the  light  being  coupled  to  the 
overlay.  The  wavelengths  at  which  this  occurs  may  be  determined 
by  considering  the  eigen  value  eqiiation  for  an  asymmetrically 
bound  planar  waveguide. 


o  j  /I  /  2  2.1/2 

2ird/l .  (  n  -  n  )  - 

2  ao 


mr  +  ♦  +  ♦ 

1  3 


where  d  is  the  thickness  of  the  waveguide, 
wavelength, 

effective  index,  and  m  the  mode  order. 


(  1  ) 

is  the 


input 


n  the  waveguide  material  index,  n  the  mode 

2  90 

9^,*^  are  the  phase 

changes  at  the  n  and  n  botoidaries  respectively,  (  see  fig.  1  ) 
X  3 

and  are  given  by  tan'^fb,  where  C  -  1  for  TE,  n  TM  and 

.  /  2  2.  1/2-  2  2. -1/2  4  ,0  21 


The  wavelengths  at  which  resonances  occur  can  be  derived  from  the 
above  equation  by  putting  n  —  n  .  It  can  then  be  seen  that  the 

ao  at 

position  of  these  resonances  will  shift  in  response  to  changes 
In  the  superstrata  index,  and  it  is  this  sensitivity  which  forms 
the  basis  of  the  sensor. 


DEVICE  DEVELOPMENT 

A  piece  of  lithium  niobate  was  bonded  on  to  a  side  polished  fibre 
block  using  a  UV  curing  adhesive  which  had  a  refractive  Index 
just  below  that  of  silica.  The  niobate  was  then  lapped  and 
polished  to  the  desired  thickness,  which  was  t}rpically  in  the 
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range  10  -  25  The  device  was  then  scanned  using  a 

nonochronator ,  with  an  in-line  polarisation  controller  being  used 
to  establish  either  a  TM  or  TE  polarisation  state  at  the  device. 
This  was  necssary  due  to  the  birefringent  nature  of  the  niobate 
waveguide.  Scans  were  repeated  using  a  range  of  different 
refractive  index  liquids  which  were  put  on  to  the  device  to  act 
as  superstrates .  The  change  in  the  position  of  the  resonance 

point  relative  to  that  for  air  was  deternined  as  a  function  of 
superstrata  refractive  index.  Fig.  3  shows  a  plot  of  these 

changes  for  both  polarisation  states  for  a  device  having  a  10  /m 
thick  overlay .  These  experimental  results  are  in  good  agreement 
with  the  theoretical  curves  derived  using  equation  1  by  putting 
n  -  The  p>olarisation  dependence  of  the 

sensitivity  of  the  device  is  as  predicted,  with  TM  being 

considerably  more  sensitive  than  TE. 

The  performance  of  the  sensor  at  any  point  of  its  range  is 

determined  by  both  the  sharpness  of  the  resonance  (  AI/AA,  FWHM  ) 
and  the  sensitivity  of  its  position  to  a  change  in  superstrata 
index  (  AA/An  ) .  For  any  given  device  the  maximum  rate  of  change 
in  intensity  with  wavelength  is  readily  fotind  from  its  wavelength 
scan.  Typically  this  value  is  in  the  region  of  20X  I  /nm  (  fig. 
2  ).  AA/An  varies  with  superstrata  index,  n  ,  and  is  polarisation 

dependant.  The  same  device  shows  a  shift  in  resonance  point  of 
1.4  nm  for  a  change  in  superstrate  index  of  0.01  at  n^  -  1.44  for 

the  TM  polarisation  (  fig.  3  ) .  If  the  sensor  is  Interrogated  on 
the  linear  part  of  the  resonance,  the  rate  of  change  of  intensity 
with  superstrate  index  (  Al/An  )  is  simply  the  product  of  these 
parameters,  i.e.  for  this  case  AI/An  -  28X1  /  O.Oln.  Given  that  a 
change  in  output  intensity  of  O.IX  is  readily  detectable,  these 
resvilts  indicate  a  minimum  detectable  index  change  of  4  x  10 
Preliminary  work  on  structures  having  thinner  overlays  of  lower 
refractive  index  has  shown  that  there  is  the  potential  for 
producing  sensors  with  a  sensitivity  of  at  least  an  order  of 
magnitude  better  than  this. 

Although  the  sensor  as  described  is  dependent  on  measuring 
throughput  intensity,  if  the  waveguide  material  is  active,  as 
lithium  niobate  is,  there  exists  the  possibility  of  making  a 
closed  loop  sensor  .  In  this  case  the  bulk  index  of  the  niobate 
could  be  electro-  optically  changed  to  maintain  the  position  of 
the  resonance  point,  and  the  voltage  required  to  achieve  this 
would  then  be  related  to  the  change  in  superstrate  index.  It 
should  also  be  possible  to  produce  sensors  with  different  ranges 
of  maximum  sensitivity  if  a  glass  integrated  optic  channel 
waveguide  were  substituted  for  the  fibre  block.  Further 
Investigations  are  currently  being  carried  out  in  these  areas. 

CONCLUSIONS 

A  fibre  based  in-  line  sensor  has  been  demonstrated  wlt^  the 
ability  to  detect  changes  in  refractive  index  of  <  4  x  10  .  The 

range  of  the  sensors  optimum  sensitivity  could  be  changed  if  a 
glass  integrated  optic  waveguide  was  substituted  for  the  fibre, 
whilst  the  use  of  an  electro-optlcally  modulated  overlay 
waveguide  would  give  the  possibility  of  producing  a  closed  loop 
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P32  Quadrature  Polarization-State  Delivery  Through  Optical 

Fiber  For  Polarimetric  Sensors 

Mark  Johnson  and  Chris  Pannell 
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United  Kingdom 

Abstract 

Single-ended,  active  control  of  the  output  polarization  state  of  a  polarization-maintaining  fiber 
is  demonstrated.  Normal  eigenstate  plus  controlled  quadrature  outputs  together  allow  stable 
phase  demodulation  and  fringe  counting  in  polarimetric  fiber  sensors. 

Introduction 

Polarimetric  optical  fiber  sensors  measure  the  retardation  of  a  birefringent  optical  element 
by  injecting  an  optical  signal  of  known  state  of  polarization  (SOP)  and  measuring  the  fraction 
of  light  It  transmitted  through  an  output  polarizer.  Many  ingenious  signal  processing  schemes 
have  been  proposed*  to  circumvent  the  fundamental  problem  of  this  class  of  sensors;  the 
sensor  transfer  function  is  periodic,  resulting  in  signal  fading  and  directional  ambiguity  if  the 
measurand  drivos  the  sensor  over  more  than  one  fringe.  To  our  knowledge,  the  signal 
recovery  scheme  described  here  is  novel.  It  is  of  wide  applicability  and  solves  the  above 
problems  through  the  sequential  generation  of  quadrature  states. 

Signal  processing  schemes  previously  proposed  fall  broadly  into  three  categories:  (a) 
heterodyne  or  pseudo-heterodyne,  (b)  active  homodyne  and  (c)  passive  homodyne  methods. 
The  first  category  uses  source  frequency  modulation  to  generate  an  output  even  in  the 
absence  of  a  change  in  the  measurand^.  Variations  of  the  measurand  then  produce  an 
instantaneous  phase  change  which  is  recovered  by  standard  FM  demodulation  techniques. 

Active  homodyne  schemes  rely  on  locking  the  phase  to  a  particular  point  of  the  sensor 
transfer  function  using  a  low-frequency  servo  loop.  High  sensitivity  operation  is  restricted 
to  the  linear  portion  of  the  sinusoidal  transfer  function  and  ambiguity  results  if  phase  changes 
occur  which  move  the  operating  point  more  than  one  fringe. 

In  the  passive  homodyne  technique  the  optical  configuration  itself  produces  two  separate 
outputs  which  are  in  phase  quadrature.  The  availability  of  two  quadrature  outputs  allows  the 
elimination  of  signal  fading  and  the  determination  of  direction  in  a  fringe  counting  system. 
Such  schemes  are  simple  yet  capable  of  excellent  sensitivity’. 

The  remote  polarization  state  control  scheme  proposed  here  is  applicable  to  this  third 
category  of  signal  processing,  and  may  be  termed  ’sequential  passive  homodyne’.  It  works 
by  sequentially  delivering  two  pairs  of  SOPs  through  polarization-maintaining  (PM)  optical 
fiber  to  a  sensor  head  at  a  remote  location.  These  are  not  only  the  orthogonal  (t  phase 
difference)  states  transmitted  unchanged  along  the  fiber  eigen-axes,  but  additionally  two  states 
in  phase  quadrature  (±x-/2  phase  difference).  The  controlled  state  pair  is  lock^  using  an 
active  control  loop  modulating  the  fiber  birefringence  Fr  by  heating  a  small  section  of  fiber. 
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In  this  work  the  actively-controlled  states  leaving  the  fiber  are  left-  and  right-circular  states. 
Controlled  and  normal  states  may  of  course  be  transformed  into  any  other  pair  of  output 
quadrature  states  using  a  suitable  retarder. 

Experiment 

Figure  1  shows  the  experimental  configuration.  The  SOP  of  light  from  a  linearly  polarized 
HeNe  (633nm  wavelength)  laser  was  rotated  using  a  bulk  half-wave-plate  and  injected  into 
the  fiber  (10m,  PM,  beat  length  a*lmm)  at  -45®  to  the  H-axis  (H,V  designate  the  fiber 
axes).  The  fiber  was  cabled  in  plastic  sleeving  and  both  ends  were  polished  at  15®  to  the 
axis  to  reduce  disturbing  reflections.  At  the  output  of  the  fiber  the  light  was  collimated  and 
projected  through  a  bulk  quarter-wave-plate  (QWP)  at  22.5®  and  a  normally  oriented,  50% 
dielectric  reflector.  This  Primary  Output  would  be  used  as  input  to  the  polarimetiic  sensor. 

Light  reflected  by  the  dielectric  reflector  travelled  back  through  the  QWP  and  fiber  to  be 
split  off  in  a  50%  pellicle  beamsplitter  oriented  at  <  10®  angle  of  incidence.  This  Control 
Output  SOP  was  analyzed  using  a  5°  deviation  Wollaston  prism  and  two  photodetectors  Dj,, 
Dy.  The  prism  was  oriented  to  resolve  the  H,V  intensities. 

In  order  to  effect  a  SOP-control  loop,  the  difference  between  the  electrical  outputs 
corresponding  to  the  two  detected  intensities  was  amplified,  normalized  to  the  total  intensity, 
integrated  and  used  to  drive  a  heater  in  contact  with  150mm  of  bare  fiber.  This  was  close 
to  the  input  end,  but  could  be  placed  anywhere  convenient.  The  fiber-heater  was  formed  by 
dip-coating  the  fiber  in  conductive  silver  paint.  The  heater  resistance  was  40-2000  in 
different  constructions.  The  heater  allowed  a  fiber  differential  retardation  (Ff)  of  >6t 
radians  and  a  phase  slew  rate  100  rad/s. 

In  the  absence  of  closed-loop  control,  the  Primary  Output  state  wandered  randomly  with 
stress  and  temperature  variations  in  the  cabled  fiber,  as  is  expected  with  non-eigenstate 
transmission.  Closing  the  control  loop  forced  the  output  state  to  a  stable,  linear  state  at 
-22.5®  to  the  fiber  output  eigenstates,  independent  of  modest  thermal  perturbations  to  the 
fiber.  Phase  variations  of  less  than  2®  remained.  With  larger  variations  in  fiber 
birefringence  Ff  the  range  of  the  control  loop  would  be  exceeded,  and  lock  lost. 


Theoretical  Treatment 

In  order  to  describe  the  loop  operation  we  use  the  Jones  calculus*.  For  a  linear  input  state 
at  -45®  to  the  fiber  axes  the  Jones  vector  is  •  (1:-1).  The  corresponding 

Control  Ouq)ut  state  is  Jc<,„ro,=  l/2*(l-e''’^:l4  e  '*^).  As  the  fiber  retardation  Ff  varies  from 
0-2t  with  environmental  temperature  variations  both  and  Jco„,ro,  vary,  with  J*^  being 
in  the  same  SOP  for  only  two  values  of  Ff  (x/2,  3t/2).  TTiis  is  in  stark  contrast  to  the  case 
if  the  retarder  QWP  is  not  present.  Then  the  Control  Output  is  of  the  form 
Jcoottoi=1^2*(e'^‘":l),  the  2Ff  term  causing  the  SOP  to  repeat  itself  continuously  for  values 
Ff  and  Fffnx  where  n  is  an  integer.  The  double-angle  characteristic  would  mean  that  while 
Control  Output  stabilization  would  function,  the  Primary  Output  would  be  ambiguous,  taking 
on  one  of  two  possible  orthogonal  states. 

We  may  better  visualize  the  control  scheme’s  operation  using  the  well-known  Poincar6 
sphere^  representation  of  polarization  states  (Figure  2).  On  the  sphere  are  shown  two  loci 
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of  SOPs.  With  the  QWP  in  place  the  Primary  Output  state  varies  with  rf=0-2T  along  a 
great  circle  through  the  points  (-135°, 45®),  (135°, 0°),  (45°, -45°),  (-45°,0°),  where  angles 
are  sphere  angles.  The  locus  of  states  at  the  Control  Output  given  above  is  wrapped  into  a 
figure-of-eight  centred  on  P  and  touching  the  eigenstates  H,V.  The  control  loop  forces  the 
detected  H  and  V  intensities  to  be  equal  and  the  Control  SOP  to  be  P.  To  determine  which 
of  the  two  branches  of  the  locus  of  states  passing  through  P  at  ±45°  (corresponding  to 
different  primary  output  states  at  (135°,0°)  and  (-45°,0°))  is  stable  we  must  also  know  the 
electronic  phase  of  the  control  loop.  On  the  figure-of-eight  locus  P  is  passed  with  increasing 
retardation  Ff  in  the  directions  shown  by  the  arrows.  If  we  assume  that  an  increase  in  the 
error  control  variable  €=(Ih-Iv)/(Ih‘^Iv)  increases  Ff,  then  only  the  "North-West"  branch  is 
stable  (Primary  Output  (-45°,0°)).  Hence  no  state  ambiguity  exists.  If  the  amplifier  phase 
is  reversed  then  the  "North-East"  branch  is  selected,  with  a  flip  of  the  Primary  Output  state 
to  (135°,0°).  Errors  in  angular  placement  of  the  QWP  cause  little  change  in  the  Control 
Output  locus.  The  figure-of-eight  lobes  simply  expand  towards  Q  or  contract  to  a  smaller 
locus  near  P.  Hence  the  loop  is  very  insensitive  to  such  errors. 

Note  further  that  gn^  state  on  the  PLQR  great  circle  can  be  coupled  in  to  the  fiber.  The 
control  loop  forces  an  identical  output  state  (-45°,0°)  independent  of  the  input  state.  It  is 
not  even  necessary  to  change  the  position  of  the  analyzing  Wollaston  prism.  Of  course,  input 
H,V  eigenstates  can  also  be  delivered,  giving  Primary  Output  states  at  (45°,45°),  (-135°,- 
45°)  on  the  sphere.  These  are  in  quadrature  (90°  on  sphere)  to  the  controlled  states. 
Limited  continuous  control  over  most  of  the  Primary  Outp’ t  locus  can  be  achieved  by 
offsetting  e  before  passing  to  the  servo  amplifier. 

Application  to  Polarimetric  Sensors 

By  way  of  example  we  apply  the  technique  to  the  determination  of  the  retardation  of  a 
birefringent  element  of  known  angular  orientation.  This  is  depicted  in  the  ’Remote  Sensing 
Head’  of  Figure  2.  One  possible  configuration  is  as  follows:  An  eighth-wave-plate  oriented 
through  SS’  is  used  to  rotate  the  Primary  Output  locus  to  the  equatorial  plane.  Then  the 
normal  fiber  eigenstates  enter  the  sensing  crystal  as  R,L-circular  states.  The  sensing  crystal 
is  then  oriented  at  45°  on  the  sphere.  Variation  of  the  unknown  retardation  0  then  causes 
rotation  of  the  transmitted  state  along  a  great  circle  through  RSLS’.  A  polarizer  at  S  allows 
the  sequential  measurement  of  two  intensities  I„=A*cos^(0/2)  and  I,2=A*cos^(0/2+t/4), 
where  A  is  the  unknown  peak  intensity  and  6  the  unknown  phase.  The  state  analysis  and 
transmission  to  the  sensor  evaluation  system  can  occur  using  a  single-  or  multi-mode  fiber. 
0  may  be  determined  from  0 =2  •tan''(  1-^210/1,1)  independent  of  A.  Endless  phase 
determination  for  (?>  >2t  is  simply  effected  by  applying  I„,  I^  to  in-phase  and  quadrature 
inputs  of  an  electronic  up/down  counter. 

Summary 

A  technique  for  feedback-controlled  delivery  of  non-eigenstates  through  polarization- 
maintaining  fiber  has  been  described.  The  output  state  is  monitored  in  reflection  through  the 
same  fiber,  and  controlled  by  a  single  fiber  retardation  variable.  The  ability  to  simply 
deliver  two  passive  and  two  actively  controlled  states  at  90°  on  the  Poincard  sphere  is 
sufficient  for  many  applications  in  remote  ellipsometry  or  requiring  quadrature  detection. 
Faster  SOP  control  would  be  possible  using  semiconductor  diode  sources  via  current-induced 
wavelength  shifts,  fiber-stretchers  or  electro-optic  devices. 
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Figure  1 :  Active  SOP  control  lystem.  Light  coupled  into  the  delivery 
fiber  at  ±45*  to  the  fiber  axes  is  analyzed  after  a  double  pass  through 
fiber  and  QWP.  Active  control  then  locks  the  Control  Output,  and  with 
it  the  Primary  Output  to  a  known  state.  Controlled  and  normal 
eigenstate  outputs  allow  uiumbiguous  determination  of  polarimetric  phase 
of  a  remote  aenaing  crystal. 


Figure  2:  Poincard  sphere  representation.  As  fiber  retardation  varies,  the 
Primary  Output  sute  varies  along  a  great  circle,  the  Control  Output  in 
a  figure-of-eight.  Stabilized  Primary  Outputs  are  at  S,  S*. 
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ABSTRACT 

The  concept  of  a  fibre  optic  pressure  and  temperature  sensor 
network  is  presented.  Time  Domain  Multiplexing  (Continuous  Wave 
or  Pulse  Wave  method)  is  used  to  monitor  up  to  16  analog  sensors 
(1%  accuracy)  for  both,  pressure  and  temperature  measurements  in 
a  mixed  configuration. 

1)  INTRODUCTION 

As  there  is  an  increasing  interest  to  multiplex  10  to  20,  medium 
a  accuracy  (100  measuring  points),  passive  optical  sensors  in  a 
fiber  network.  The  DEMOS  project  (Distributed  Environmental 
Monitoring  with  Optical  SENSORS;  BRITE  Research  Program)  aims  at 
developing  such  a  network  together  with  the  associated 
temperature  and  pressure  sensors. 

In  our  design,  intensity  modulated  fiber  sensors  are  used  and  in 
our  setup  both  temperature-  and  a  pressure  sensor  are  monitored 
with  Time  Domain  Multiplexing  techniques.  Two  techniques  are 
presented,  nl.,  -  the  Continuous  Wave  technique 

-  the  Pulse  Wave  technique 

Moreover,  the  reflected  intensities  are  wavelength  referenced  in 
order  to  obtain  a  network  which  is  independent  from  all 
environmental  disturbances  such  as  non-identical  connector 
losses,  source  and  detector  aging,  network  fiber  length  and  bent 
losses. 

2.  PULSE  and  CONTINUOUS  WAVE  METHOD 
2.1  Description  of  the  pulse  method: 

This  method  has  been  extensively  described  previously  ([1],  2]). 
The  experimental  set  up  is  shown  in  fig.  1.  A  short  time  light 
pulse  is  launched  into  an  optical  star  network  through  two  3  dB 
couplers.  Analog  intensity  sensors  are  connected  at  the  output 
ports  of  the  optical  star  which  are  reflecting  a  variable  amount 
of  light  related  to  the  physical  variable  to  be  sensed  (pressure 
or  temperature) . 

In  order  to  design  a  line-neutral  network,  a  dual  wavelength 
emission  is  used  where  emitted  and  reflected  intensities  are 
monitored  with  two  opto-electronic  receivers.  The  following 
quantity  is  measured: 

^  IiOOlnm)  (830nm) 

“  OOlnm)  (830nm) 
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The  above  described  experimental  set-up  has  been  used  to  monitor 
the  variations  of  the  reflected  light  by  a  Schott  glass  color 
filter  versus  temperature.  The  sensing  wavelength  is  830  nm  while 
the  "reference  wavelength"  is  901  nm. 

Fig.  2  shows  the  variation  of  the  log(S)  quantity  against 
temperature.  The  black  squares  act  for  the  increasing  temperature 
while  the  white  squares  act  for  the  decreasing  one.  As  it  can  be 
seen,  the  hysteresis  is  quite  low  and  is  inferior  to  the 
measurement  accuracy  (+/-  1,5  %) .  This  curve  may  be  represented 
by  a  straight  line  whose  equation  is:  log(S)  =  at  +  b 
where  a  is  the  slope  (5,9  x  10'^  C*'^) ,  t  is  the  temperature  value 
in  ’C  and  b  is  a  constant.  If  we  assume  that  the  measurement 
accuracy  is  +/-  1.5%,  therefore  the  temperature  accuracy  may  be 
written  as: 


At- 


(^^•/-1.5%) 

(5.9.10-3*2.3.) 


At-+/-l.l®C 


These  results  are  very  promising  and  show  that  the  goal  of  a  100 
measurement  point  may  be  reached  if  we  are  able  to  extend  the 
temperature  sensor  range  up  to  200  *C. 

At  last,  the  optical  budget  calculations  are  showing  that  with 
this  technique  up  to  16  of  such  sensors  may  be  multiplexed  on  the 
same  fibre  network. 

2.2  Description  of  the  Continuous  Wave  method: 

This  method  has  already  been  presented  in  references  [4]  and 
[5].  The  excitation  signal  is  not  purely  CW  but  keeps  all  its 
system  power  budget  advantages.  The  source,  which  is  a  simple 
LED,  is  powered  by  a  superposition  of  an  AC  current  at  a 
modulation  frequency  ranging  from  0.5  to  10  MHz  and  a  DC  bias 
current . 

Each  sensor  of  the  network  is  characterized  like  in  the  pulse 
method  by  its  own,  unique  and  known  transmission  delay.  The 
optical  power  is  splitted  by  couplers  into  these  different  paths 
which  behave  as  different  phasors.  The  sensor  modifies  only  the 
amplitude  of  its  phasor.  The  demultiplex  is  then  performed  by 
measuring  the  I.Q.  component  of  the  sum  of  the  detected  phasors 
at  several  modulation  frequencies  with  a  synchronous  detector 
followed  by  proper  matrix  inversion. 

Line-neutrality  is  obtained  by  associating  to  each  sensor,  a 
dummy  transmission  path  acting  as  a  reference  and  this  set  up  is 
compatible  with  a  superposed  wavelength  multiplex  method. 

The  pressure  sensor  used  consists  of  a  microbending  sensitive 
inner  part,  connected  into  a  pressurized  housing.  [4] 

The  sensor  firstly  was  calibrated  in  a  two  wavelength  850  nm  and 
1300  nm  transmissive  set-up  in  order  to  obtain  an  exact  knowledge 
of  the  attenuation-pressure  relation,  the  linearity  and  the 
hysteresis. The  sensor  is  then  implemented  in  the  above-mentioned 
test  set-up  and  furthermore  in  the  continous  wave  set-up  with  a 
3  dB  loss  simulation  as  can  be  seen  from  figure  3. 

The  results  are  in  good  agreement  with  the  pulse  wave  method  and 
shows  similar  accuracy  values.  See  also  reference  [4]  and  [5]. 
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3. 


CONCLUSION 


This  paper  is  reporting  the  results  obtained  during  the  DEMOS 
program.  Up  to  16  analog  temperature  or  pressure  sensors  may  be 
multiplexed  with  a  1%  accuracy  measurement  and  a  good  line 
neutrality  in  both  the  pulse-  and  the  continuous  wave  method. 
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Figure  1:  Experimental  Set-Up  of  the  Analog  Fiber  Optic  Sensor  Network 
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Figure  3:  Continuous  Wave  Referencing 
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1 .  Introduction 

Numerous  optical  fibre  sensors  for  a  wide  variety  of  physical  measurands  have 
been  developed  over  the  past  decade.  However  Industrial  Implementation  of 
optical  fibre  sensors  has  been  limited  mainly  to  situations  In  which  no 
suitable  conventional  electronic  sensors  were  available.  The  advantages  of 
fibre  optic  sensors  over  electronic  sensors  have  long  been  recognized. 
Including  their  Immunity  to  electromagnetic  Interference  and  their  Intrinsic 
safety.  Also  the  wide  bandwidth  of  optical  fibres  allows  a  number  of  optical 
sensors  to  be  multiplexed  In  a  single  scheme.  Deployment  of  optical  fibre 
sensors  would  be  more  economically  attractive  If  they  were  part  of  a  network 
of  sensors.  In  which  many  sensors  operated  from  the  same  Instrumentation. 
Multiplexing  schemes  have  been  devised  for  various  types  of  sensors,  and 
require  more  complex  Instrumentation  than  that  required  for  a  single  sensor. 

Low  coherence  (or  white  light)  Interferometry  [1],  which  potentially  offers 
both  high  resolution  and  good  stability,  has  become  well-established  in  recent 
years.  Light  from  a  low  coherence  source  Is  directed  through  two 
interferometers  in  sequence,  kno%m  respectively  as  the  "sensing"  and  "local" 
interferometer.  The  light  source  Is  pigtailed  onto  one  arm  of  a  2  x  2  port 
single  mode  fibre  directional  coupler,  and  the  light  Is  directed  through  It 
Into  the  sensing  Interferometer.  The  two  Interferometric  paths  (all -fibre  or 
partially  fibre)  are  arranged  to  have  unequal  optical  path  lengths.  The  light 
Is  back- reflected  through  the  coupler  and  Into  the  free  space  local  Hlchelson 
Interferometer.  The  path  Imbalances  of  the  two  Interferometers  should  be 
approximately  equal  (l.e.  to  within  the  source's  coherence  length),  with  the 
individual  path  Imbalances  being  greater  than  the  source's  coherence  length. 
Thus  two  temporally  separated  wave  packets  will  be  brought  back  Into 
coincidence  at  the  local  Interferometer's  output.  Any  path  length  change  in 
either  Interferometer  will  result  In  a  phase  change  In  the  output  signal.  One 
of  the  local  Interferometer's  mirrors  Is  modulated  over  a  distance  of  A/2  by  a 
plezo-electrlc  transducer  with  a  serrodyne  ramp  (frequency  f^) ,  and  the 
resultant  Intensity  has  the  form 

I  -  Iq  (1  +  cos2sf]^t)  (1) 

at  time,  t.  Any  change  In  the  sensor's  optical  path  difference  will  result  In 
a  phase  change  at  the  output. 

Deployment  of  low  coherence  Interferometers  would  be  more  attractive  If  they 
could  be  multiplexed.  An  optical  time  domain  scheme  has  been  demonstrated  [2], 
but  nanosecond  pulses  and  complex  signal  processing  were  required.  Therefore 
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simpler  schemes,  like  the  one  proposed  here,  are  of  Interest. 

The  scheme  suggested  here  uses  a  variation  of  the  FMCW  (frequency  modulated 
continuous  wave)  technique  to  provide  each  of  the  sensor  outputs  with  a  unique 
carrier  frequency.  In  a  manner  similar  to  that  used  for  identifying  vibrating 
optical  sensors  [3].  Firstly  the  FMCW  technique  Is  summarized. 

2.  The  FMCW  Technique 

The  FMCW  technique  was  first  proposed  for  radar  ranging  applications  [4] .  A 
linear  frequency  sweep  (l.e.  sawtooth  wave)  Is  applied  to  the  carrier.  If  the 
frequency  chirped  signal  Is  reflected  from  a  distant  target  at  range,  R,  and 
superposed  on  the  direct  signal  from  the  modulator  a  beat  signal  Is  produced 
whose  frequency  Is 

^BEAT  -  <2) 

where  Af  Is  the  frequency  deviation,  Tg  Is  the  chirp  period  and  c/n  Is  the 
wave  speed  (n  -  refractive  Index) .  Detailed  analyses  reveal  that  the  beat 
signal  has  a  line  spectrum  with  ftmdamental  frequency  l/T^.  The  beat  signal 
has  a  number  of  frequency  components  confined  to  a  sine  envelope  centred  on 
^BEAT'  choosing  appropriate  values  of  Af  and  R  In  equation  (2),  the  beat 

signal  will  be  a  single  harmonic  at 

^BEAT  “  (fs 

where  M  Is  the  harmonic  Integer. 

In  the  system  being  proposed  an  Incoherent  technique  will  be  used  in  which  the 
frequency  sweep  Is  applied  to  the  light's  Intensity  modulation.  Indeed  we 
have  recently  demonstrated  this  method  for  measuring  distance  [5],  using  a 
fibre  Mlchelson  arrangement.  A  typical  beat  pattern  (which  Includes  the  RF 
carrier)  is  shown  In  figure  1(a),  and  the  beat  frequency  Is  In  agreement  with 
equation  (2).  As  expected,  the  observed  time  Interval  between  adjacent  beat 
maxima  decreased  with  Increasing  range,  as  shown  In  figure  1(b),  when  aspects 
of  the  scheme  discussed  below  were  Investigated  experimentally. 

3.  The  Proposed  Scheme 

The  proposed  multiplexing  scheme  Is  shown  in  figure  2.  A  low  coherence  source 
(SLED  or  multimode  LD)  Is  Intensity  modulated  by  a  swept  frequency  from  an  RF 
oscillator.  The  ll^t  Is  launched  Into  a  single  mode  3x3  port  directional 
coupler  from  where  It  Is  directed  towards  three  Interferometric  fibre -based 
sensors,  whose  distances  from  the  coupler  are  Rl,  R2  and  R3,  which  are  in  the 
ratio  1:3:5.  As  shown,  each  sensor  has  a  path  Imbalance  of  L.  Light  from 
each  sensor  Is  reflected  back  towards  the  3x3  coupler  and  Into  the  free 
space  Mlchelson  local  Interferometer,  whose  arm  imbalance  Is  nL  (l.e. 
approximately  the  same  optical  path  difference  as  the  sensing  Interferometer) 
and  where  n  is  the  fibre's  refractive  Index.  One  of  the  mirrors  in  the  local 
interferometer  Is  modulated  by  a  plezo-electrlc  transducer  over  A/2  by  a  ramp 
(l.e.  serrodyne)  whose  frequency  is  fj^.  The  output  of  the  photo-diode 
detector  Is  mixed  Incoherently  with  the  frequency-chirp  signal  being  applied 
to  the  source.  The  resultant  signal  can  be  displayed  on  a  spectrxim  analyser 
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or  processed  in  an  appropriate  manner. 


Incident  on  the  detector  will  be  3  different  time  delayed  versions  of  the 
source's  frequency  chirp.  (The  arm  imbalances,  L,  of  the  interferometers  are 
assumed  to  be  much  less  than  the  sensor  ranges,  Rl,  R2  and  R3,  so  the  time 
delay  caused  by  the  unequal  paths  in  the  interferometers  can  be  neglected.) 
Therefore  at  the  mixer,  3  distinct  beat  frequencies  will  be  produced, 
corresponding  to  each  sensor  range,  as  given  by  equation  (2).  However  each 
sensor  return  signal  has,  at  the  detector,  superposed  on  it  the  cosine 
function  (equation  (1))  resulting  from  the  coupling  between  the  sensing  and 
local  interferometers,  and  the  form  of  these  signals  is  shown  in  figure  3. 
Consequently  the  electrical  output  from  the  mixer,  for  each  sensor,  will 
involve  the  product  of  these  two  effects,  i.e. 


E(t)  -  Eq  cos(2irfgg^^t)  (1  +  cos(2iTf2^1;)  ] 


W 


where  E  is  the  voltage  amplitude. 
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The  frequency  components  of  this  waveform 
.e.  the  signal  obtained  from  each  sensor  is 


a  carrier  with  double  side  oands. 


Since  each  sensor  generates  a  unique  carrier  frequency,  the  mixer  output  for 
the  scheme  will  have  the  frequency  spectrum  depicted  in  figure  4.  The  ratio 
of  the  sensor  ranges  was  specified  above  to  prevent  any  cross -mixing  between 
the  beat  signals  from  occurring  at  one  of  the  carrier  frequencies.  The  state 
of  each  sensing  interferometer  is  determined  by  monitoring  the  phase  of  the 
local  interferometer  output.  This  is  achieved  by  band-pass  filtering  about 
the  side  bands  and  tracking  their  phase.  The  central  beat  frequency  is  a 
carrier  only,  and  contains  no  useful  information  about  the  sensor. 

4.  Conclusions 

An  incoherent  FMCW  technique  for  multiplexing  low  coherence  fibre  optic 
interferometric  sensors  has  been  proposed,  and  preliminary  results  are 
encouraging.  Each  sensor  generates  a  unique  carrier  frequency,  thereby 
enabling  the  individual  sensor  outputs  to  be  distinguished  from  each  other. 
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Fig  1.  Determination  of  distance  by  incoherent  FMCW.  (a)  Beat  pattern 
obtained  for  R  -  10  m,  using  Af  -  40  MHz  and  the  depicted  sawtooth  wave  (Tg  - 
10  ms) .  (Preliminary  result  showing  beating  on  the  initial  linear  portion  of 
the  ramp,  but  degraded  due  to  oscillator  non-linearities).  The  beat  frequency 
is  about  4  times  the  sweep  frequency,  (b)  Observed  time  interval  between  first 
and  second  beat  maxima  as  a  function  of  range. 
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Fig  2.  Proposed  multiplexing  scheme  for  low  coherence  Interferometric  sensors 


Fig  3.  Photo -detector  output  (from 
Sn)  before  electronic  mixing. 


Fig  4.  Expected  spectrum  analyser  output 
(not  showing  cross -modulated  components). 
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P35  Visibility  And  Bias  Phase  Noise  In  Fiber-optic  Interferometers 

With  An  Output  Polarizer 
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Abstract 

The  presence  of  a  polarizer  at  the  output  of  a  fiber-optic  interferometer  is  shown 
to  significantly  increase  the  effect  of  fluctuations  of  the  input  polarization  on  the  bias 
phase  noise  at  the  interferometer  output. 

Introduction:  It  is  well  known,  [l]-[2],  that  the  state  of  polarization  (SOP)  of  the 
light  at  the  input  to  a  fiber-optic  interferometer,  such  as  schematically  illustrated  in 
Fig.  la,  may  affect  both  the  visibility  (K)  and  phase  ($)  of  the  measured  output 
{lout  oc  [1  +  V"  cos($)l,  [3]). 


Figure  1:  (a)  Schematic  of  a  fiber  Mach-Zehnder  interferometer  with  three 
output  polarizers,  (u)  Equivalent  birefringent  network. 

V  should  be  maximized  to  increase  sensitivity  and  s/n.  But  even  after  a  suf¬ 
ficiently  long  coherence  source  is  used  and  the  coupling  ratios  of  both  the  splitter 
and  combiner  are  appropriately  optimized,  V  is  still  bounded  by  the  scalar  prod¬ 
uct  |P5itf.(0  where  P5»g.(0  and  Phc/.CO  are  the  time-dependent  unit- 

intensity  polarization  vectors  of  the  output  SOPs  of  the  interferometer  signal  and 
reference  arms,  respectively  [3].  In  interferometers  which  use  conventional  low  bire¬ 
fringence  fibers  and  fiber  components  (and  even  in  systems  with  polarization  main¬ 
taining  fibers  but  with  non-ideal  splices  and  couplers)  environmental  effects  on  the 
input  fiber,  as  well  as  on  the  arms  fibers,  will  change  P5i9.(t)  and  PAe/.(0>  resulting 
in  time-dependent  polarization-induced  fading  of  the  visibility  V  [1].  One  way  to 
avoid  complete  fading  (i.e.,  V  =  Q)  and  to  increase  the  s/n  is  to  use  three  polarizers, 
angularly  spaced  by  120*’,  at  the  interferometer  output  and  to  choose  that  channel 
with  the  highest  V  [4]. 

Ignoring  source  phase  noise  [3],  $  =  9 signal +  ^Biaa,  where  ^signal  is  the  optical 
phase  induced  by  the  physical  measurand  and  9 Bias  denotes  the  optical  phase  differ¬ 
ence  between  the  two  arms  in  the  absence  of  the  externally  induced  ^signal-  Since 
^Signal  must  be  extracted  from  any  random  changes  in  £Uid  in  partici  iar 

those  related  to  fluctuations  in  the  input  SOP,  should  be  considered  noise  [2].  Fol¬ 
lowing  Ref.  [2],  we  denote  this  input-polarization-induced  bias  phase  noise  by  7.  To 

*  Permanent  address:  Faculty  of  Engineering,  Tel-Aviv  University,  Tel-aviv,  Israel 
69978. 


213 


characterize  the  effect  of  small  changes  in  the  input  SOP,  Pm(^)i  on  7,  it  is  sufficient 
to  study  the  appropriate  derivative  A^/AP^n  and  its  dependence  on  the  input  SOP 
and  the  other  system  parameters. 

The  purpose  of  this  paper  is  to  calculate  the  visibility  and  the  input-polarization- 
induced  phase  derivative  A^/APtm  at  the  three  polarized  output  channels  of  the 
interferometer  of  Fig.  la,  as  a  function  of  the  SOP  of  the  input  light  to  the  inter¬ 
ferometer  (Ptn(O)’  'Phis  work  represents  a  generalization  of  the  special  case  studied 
by  Kersey  tt  al  [2],  in  which  there  is  no  polarizer  at  the  output.  In  that  case  rather 
simple  analytical  expressions  can  be  derived  for  the  visibility  and  bias  noise  coeffi¬ 
cient,  which  depend  on  only  two  parameters,  one  for  the  input  SOP  and  one  for  the 
interferometer.  However,  in  the  present  case,  where  an  arbitrary  linear  polarizer  is 
included,  many  more  parameters  are  generally  involved  in  the  specification  of  the 
problem  and  computer  simulation  is  an  appropriate  approach. 

Mathematical  Formulation:  Following  the  method  of  Ref.  [2],  we  model  the 
interferometer  of  Fig.  la  by  the  equivalent  birefringent  network  of  Fig.  lb,  with 
appropriate  operator  representations  for  the  polarization  transformations  introduced 
by  the  input  fiber  (JSt)t  the  signal  and  reference  arms  (^«,  Zr)y  the  output  fiber  (^o)> 
and  the  three  output  polarizers  {Pj,  j  =  1,  ..,3).  P,„  is  the  input  SOP.  For  simplicity 
we  assume  lossless  arms  and  1:1  splitting  ratios  in  both  splitter  and  combiner. 


Figure  2:  (a)  The  great  circle  GC  on  the  Poincare  sphere,  (b)  The  Poincare 
sphere  representations  of  the  four  cases. 

On  the  Poincare  sphere  [3],  Fig.  2a,  we  let  the  input  polarization  (denoted  by  C 
on  the  sphere)  trace  an  arbitrary  great  circle,  GC.  For  the  given  Zg,  Zry  P-o,  a^nd 
Pj,  j  =  1,..,3,  we  use  the  Jones  calculus  [3]  to  numerically  calculate  the  visibility  V 
and  A^/APin)  ^  ^  function  of  6,  which  is  the  angle  subtended  by  the  radius  vector 
OC  and  the  radius  of  intersection  between  the  great  circle  and  the  equatorial  plane  of 
the  sphere  (or  with  respect  to  5i  if  the  great  circle  GC  coincides  with  the  equator).  To 
completely  characterize  A^/APjn  it  is  sufficient  to  study  the  two  derivatives  d'^fdd 
and  d')fd<f>,  where  dO  and  d<f>  are  orthogonal  incremental  angles  around  C,  the  first 
in  the  plane  of  GC,  the  second  lying  in  the  great  circle  perpendicular  to  GC  at  C, 
see  Fig.  2a.  Any  other  derivative  can  always  be  obtained  as  a  weighted  average  of 
the  above  two  derivatives. 
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In  Ref.  [2]  only  one  great  circle  was  studied,  namely,  the  one  which  goes  through 
C  and  the  diameter  whose  tips  represent  the  two  input-polarizations  which  result  in 
unit  visibility  (In  fact,  these  tips  are  the  eigen-polarizations  of  the  operator 
[l]).  In  the  absence  of  an  output  polarizer,  the  symmetry  of  the  problem  dictates 
that  both  the  visibility  and  the  input-polarization-induced  bias  phase  noise  are  inde¬ 
pendent  of  the  azimuthal  angle  of  C  around  the  above-mentioned  diameter.  In  our 
notation,  d')Jd<f>  =  0  and  the  great  circle  of  Ref.  [2]  is,  therefore,  the  natural  choice. 
However,  when  an  output  polarizer  is  present,  d'ifd<f>  is  generally  non-zero  and,  as 
shown  below,  can  even  reach  much  larger  values  than  d'^fdd. 

Results  and  Discussion:  Results  were  obtained  for  four  special  cases  as  examples 
illustrating  the  nature  of  the  phenomena.  For  simplicity,  the  signal  arm  of  the  in¬ 
terferometer  and  the  output  fiber  are  taken  to  be  non-transforming  (i.e.,  Zg  and  Ro 
are  the  identity  transformation).  The  polarization  transformation  imposed  by  the 
reference  arm  can  be  represented  on  the  Poincare  sphere  by  a  diameter  and  an  angle 
of  rotation  (fl)  around  it  [1-3].  In  cases  1  and  2  the  diameter  is  parallel  to  the  +52 
direction  of  the  sphere  and  fl  =  90°  and  150°,  respectively,  while  in  cases  3  and  4 
the  diameter  is  parallel  to  the  +^3  direction  of  the  sphere  and  fl  =  150°  and  90°, 
respectively  (Fig.  2b).  For  cases  1  and  4  the  input  SOP  (after  passing  through  the 
input  fiber)  is  assumed  to  lie  on  the  great  circle  containing  the  S2  and  S3  axes,  while 
for  cases  2  and  3  it  lies  on  the  equator.  Each  case  is  run  for  each  of  three  output  linear 
polarizers,  located  at  0°,  120°  and  240°  to  the  Si  axis  on  the  equator  of  the  sphere 
(Using  the  conventions  of  Ref.  [3],  one  of  the  polarizers  is  parallel  to  the  X  axis  (+5i 
axis  of  the  sphere)  and  the  other  two  are  rotated  by  60°  and  120°  to  the  first  one). 
Fig.  3  shows  the  results  for  the  visibility,  parallel  bias  phase  noise  coefficient  [d^ldO] 
and  perpendicular  bias  phase  noise  coefficient  {d')ld<i>)  as  a  function  of  the  location 
of  the  input  SOP  on  the  great  circle  under  test  (see  Fig.  2a  for  the  definitions  of  6 
and  4>). 

All  visibility  curves  show  some  nulls.  For  example:  in  case  1  that  input  SOP 
which  forms  an  angle  of  270°  with  the  +^2  axis  coincides  with  the  south  pole  of 
the  sphere,  i.e.,  it  is  left-handed  circularly  polarized.  According  to  our  assumptions, 
the  signal  arm  transmits  its  input  left-handed  SOP  unchanged  and  each  of  the  three 
polarizers  will  pass  1/2  of  its  power.  But  the  reference  arm  will  rotate,  [1-3],  the  input 
SOP  by  90°  to  the  tip  of  the  —Si  axis  which  represents  a  wave  linearly  polarized  in 
the  Y  direction.  Thus,  the  output  of  the  reference  arm  will  be  completely  blocked 
by  Pi,  while  the  other  two  polarizers  will  transmit  3/4  of  its  power.  It  immediately 
follows  that  zero  visibility  will  be  observed  at  the  output  of  Pi  and  V  =  0.98(= 
2-^(l/2)(3/4)/[(l/2)  +  (3/4)J)  at  the  outputs  of  both  P2  and  P3  (see  the  visibility 
curves  at  270°  for  case  1,  Fig.  3).  Anyway,  for  any  given  0  one  can  always  choose  a 
polarizer  for  which  fairly  high  visibility  values  are  obtained. 

It  is  also  clear  from  Fig.  3  that  the  perpendicular  bias  phase  noise  coefficients 
[d'ild<t>)  are  not  only  significant  but  most  often  exceed  the  corresponding  parallel 
coefficients  [d'^ldO).  Fortunately,  high  values  of  d^fd<f>  are  usually  observed  near  vis¬ 
ibility  nulls,  which  are  not  the  recommended  operating  points  for  the  interferometer. 
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Figure  3:  The  visibility  and  bias  phase  noise  coefficients,  d'^JdB  (parallel) 
and  (perpendicular),  as  a  function  of  B  for  linear  polarizers  at  O'* 

(solid  line),  120°  (dashed  line)  and  240°  (dotted  line)  to  the  axis.  Note: 
all  three  parallel  phase  noise  coefficients  are  zero  in  case  3). 

Conclusions:  To  properly  evaluate  the  excess  bias  phase  noise  at  the  output  of  a 
fiber-optic  interferometer  containing  output  polarizers,  due  to  fiuctuations  of  the  input 
polarization,  it  is  necessary  to  calculate  the  effects  of  perturbing  the  input  SOP  in  a 
direction  on  the  Poincare  sphere  which  is  orthogonal  to  the  direction  involved  in  the 
no-polarizer  case  of  Ref.  [2].  Moreover,  this  orthogonal  bias  phase  noise  coefficient  can 
be  much  larger  than  the  parallel  coefficient.  Since  output  polarizers  are  important  as 
means  to  overcome  polarization-induced  fading,  this  study  should  prove  useful  in  the 
evaluation  of  proposed  interferometers  and  in  the  design  of  experimental  prototypes. 
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Electronic  speckle  pattern  interferometry  (ESPI)  has  been  used  for  a  number  of 
years  for  engineering  applications,  with  conventional  bulk  optic  technology, 
because  of  its  advantages  of  pseudo-real  time  display  of  static  and  dynamic 
deformations  of  objects  over  an  extended  viewing  area  [1,2].  Recently,  the 
incorporation  of  monomode  optical  fibre  has  considerably  simplified  the 

optical  arrangement  and  combined  with  recent  advances  in  image  processing 
technology  has  led  to  powerful  instruments  that  are  readily  employed  in  red 

engineering  environments  away  from  optical  vibration  isolation  tables  [3]. 
More  recently  the  incorporation  of  solid  state  laser  sources  has  demonstrated 
that  further  simplification  in  the  optical  system  is  possible  in  addition  to 
increased  versatility  in  the  measurement  capability,  for  example,  the  use  of 

wavelength  modulation  of  a  diode  laser  to  produce  contour  fringes  and  thus 
measurement  of  object  shape  [4,5]. 

In  this  paper  we  report  the  implementation  of  a  solid  state  ESPI  system  using 
a  laser  diode  as  the  source.  Results  of  static  and  dynamic  deformation 
measurements  and  shape  measurement  are  presented.  In  addition  the  use  of  the 
diode  laser  in  the  signal  processing  to  determine  the  amplitude  and  phase  of 
vibration  fringes,  the  distortion  due  to  static  loading  and  calculation  of  the 

shape  of  the  object  from  contour  fringes  is  presented. 

The  optical  arrangement  is  shown  schematically  in  figure  1.  Light  from  a 

laser  diode  is  coupled  into  monomode  optical  fibre  using  an  optical  ’pigtail'. 

This  technique  provides  a  robust  stable  coupling  of  the  optical  power  into  the 

optical  fibre  with  no  further  adjustment  necessaiy,  which  is  particularly 

attractive  in  an  engineering  environment.  Ught  is  divided  into  an  object 

and  reference  beam  using  a  directional  coupler.  The  object  beam  illuminates 
the  object.  The  scatter^  light  is  collected  by  the  receiving  lens  and  ima^d 

onto  a  CCD  camera  where  it  coherently  mixes  with  the  reference  beam.  The 
speckle  pattern  formed  is  stored  in  an  image  processing  board  housed  in  a  PC. 
The  piezoelectric  phase  modulator  in  the  reference  beam  is  used  to  facilitate 

data  acquisition,  discussed  later.  An  example  of  the  correlation  fringes 

obtained  is  shown  in  figure  2  for  a  gas  turbine  compressor  blade  that  has  b^n 

loaded  at  the  top  left  of  the  blade  tip.  For  an  harmonically  vibrating  object 
surface  the  intensity  at  each  point  on  the  detector  may  be  written  [6] 

'(r.)=  I.  (r,)  J!  (^’‘»  )  (I) 

where  r  and  are  conjugate  position  vectors  on  the  detector  and  object 
respectiv^y,  lofr,,)  intensity  distribution  with  the  object  stationary. 

X  is  the  free  space  wavelength  of  the  source  and  x  is  the  amplitude  of 

vibration.  is  the  zeroth  order  Bessel  function  of  tfie  first  kind.  Equation 

1  shows  that  for  a  jperiodic  vibration  of  the  object  the  recorded  intensity  is 

modulated  by  a  distribution  and  thus  the  visibility  decreases  for 

increasing  vibration  “amplitude.  The  brightest  or  zero  order  fringe 
corresponds  to  nodal  positions  on  the  object  surface.  Subsequent  fringe 

maxima  correspond  to  positions  of  constant  vibration  amplitude  on  the  object 

surface.  An  example  of  a  time  average  vibration  fringe  pattern  from  a  turbine 
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blade  \ibrating  at  5.6kHz  is  shown  in  figure  3.  The  fringes  provide 
information  on  the  vibrational  amplitude  at  any  point  on  the  object  but  not  on 

the  relative  phase;  both  amplitude  and  phase  are  required  to  obtain  complete 

information  on  the  mode  of  vibration  of  the  object.  This  information  may  be 

obtained  by  using  heterodyne  techniques  [6,7].  In  this  technique  the  phase  of 
the  interferometer  is  modulated  at  the  same  frequency  as  the  drive  signal 

applied  to  the  object,  but  the  amplitude  and  phase  are  varied.  Thus  points  on 
the  object  surface  that  are  vibrating  with  the  same  amplitude  and  phase  will 
appear  stationary  and  give  rise  to  the  brightest  fringes.  The  phase  and 
amplitude  can  thus  be  mapped  across  the  object  surface.  Heterodyning  is 
usually  accomplished  by  modulating  the  phase  in  the  reference  arm  of  the 

interferometer.  For  conventional  bulk  optic  systems  this  is  achieved  by 

modulating  a  mirror  mounted  on  a  piezolectric  transducer  or  loudsp^er  for 
example  j6].  In  fibre  optic  systems  the  phase  is  modulated  by  straining  the 

fibre  using  a  piezolectric  modulator  [3-5,7].  This  technique  has  the 
advantage  that  a  uniform  phase  shift  is  achieved  over  the  entire  reference 

beam  wavefront  and  no  beam  steering  occurs  during  modulation  as  the  light  is 
guided  by  the  fibre. 

An  alternative  heterodyne  technique  is  to  modulate  the  laser  diode  wavelength 
by  modulating  the  injection  current.  In  an  unbalanced  interferometer  this 
results  in  a  change  in  the  phase  of  the  interferometer.  The  use  of  the  diode 
laser  has  the  advantages  that  an  electro-mechanical  component  is  not  required 
in  the  interferometer,  the  frequency  response  is  higher  than  a  PZT  and  it  does 
not  exhibit  the  complex  frequency  characteristics  of  PZTs  which  also  require 
moderate  to  high  voltages.  An  example  of  heterodyning  using  a  laser  diode  is 
shown  in  figure  4  with  the  blade  vibrating  at  5.6kHz.  Note  that  the  bright 
fringe  has  moved  to  a  new  position  on  the  blade  when  compared  to  the 

unheterodyned  case  (figure  3). 

The  use  of  wavelength  tuneable  diode  lasers  enables  the  ESPI  technique  to  be 
extended  to  the  measurement  of  surface  contours  and  thus  surface  shape. 

Contour  or  height  profile  fringes  are  obtained  by  storing  an  image  of  the 
object  illuminated  at  wavelength  and  subtracting  subsequent  images  obtained 

by  illuminating  at  a  second  wavelength,  [4,5].  The  contour  interval 

obtained  is  given  by  h  =  ViX^X^/IX^  -  such  that  wider  spaced  wavelengths 
produce  smtQler  scale  fringes.  Figure  y  shows  ISjum  contours  on  a  iJ.K. 

tenpence  coin  (28mm  diameter)  obtained  by  illumination  with  two  diode  lasers 

separated  in  wavelength  by  ~  lOnm.  The  lasers  were  tuned  by  a  combination  of 

temperature  and  injection  current  variation. 

Figure  6  shows  0.9mm  contour  fringes  obtained  on  a  turbine  blade  by  modulating 
a  single  diode  laser  by  169GHz;  in  these  experiments  wavelength  modulation 
was  obtained  by  modulation  of  the  injection  current.  The  relative  height 
across  the  object  can  be  obtained  using  phase  stepping  and  unwrapping 

techniques  [1,8J.  Figure  7  shows  a  3D  wire  frame  depicting  the  shape  of  the 

turbine  blade  obtained  from  three  3mm  contour  phase  stepped  images.  The  phase 
stepping  was  obtained  by  applying  a  voltage  to  the  fibre  wrapped  piezoelectric 

modulator  to  produce  a  2ii/3  change  in  phase  between  each  set  of  correlation 

fringes  [l,8j;  phase  stepping  using  the  diode  laser  for  shape  measurement 

will  also  be  reported  at  the  conference. 
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Figure  1.  Fibre  Optic  ESPI  System:  The  dashed  line  shows  how  a  second  laser 
is  incorporated  into  the  system. 


Figure  2.  Static  deformation  fringes 
obtained  by  loading  the  turbine  blade 
at  the  top  left  hand  corner. 
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Figure  3.  Time-average  vibration  Figure  4.  Time  average  vibration 

fringes  of  the  turbine  blade  at  fringes  of  turbine  blade  at  5.4KHz  with 

5.4KHz  laser  diode  heterodyning 


Figure  5.  Two  wavelength  contour  Figure  6.  Two  wavelength  contour 

fringes  of  a  ten  pence  com:  fringes  of  the  turbine  blade: 

AX=10nm  (2  lasers)  gi'ing  rise  to  Av=169GHz  giving  rise  to  0.9mm  contour 

73//m  contour  fringes  fringes 


Figure  7.  Wire  frame  of  turbine  blade  obtained  using  phase  stepping  and 
unwrapping  techniques. 
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Introduction : 

White  light  interferometry  provides  a  precise  method  of 
determining  the  path  difference  in  a  remote  sensing 
interferometer  when  it  is  compared  with  a  locally  controlled 
reference  interferometer.  Interference  fringes  will  be  detected 
when  the  path  length  of  each  interferometer  is  greater  than  the 
coherence  length  of  the  optical  source  and  the  relative  path 
difference  between  them  is  less  than  the  source's  coherence 
length  [1,2].  White  light  interferometric  sensing  systems  have 
previously  been  employed  to  monitor  a  variety  of  external 
measurands  such  as;  displacement  [3],  pressure  [4],  temperature 
[5]  and  refractive  index  [6].  In  all  these  cases  the  change  in 
the  measurand  induces  a  change  in  the  path  length  of  the  sensing 
Interferometer.  This  variation  in  path  length  is  monitored  at  the 
reference  interferometer  and  can  be  directly  related  to  the 
measurand  change. 

The  high  sensitivity  of  optical  fibre  interferometric 
sensing  systems  to  very  small  phase  changes  is  restricted  by 
their  Cos^  output  transfer  fimctlon.  Thus  complete  signal  fading 
can  occur  if  the  interferometer's  operational  point  drifts  to  a 
zero  sensitivity  point  (l.e  at  a  maximum  or  minimum  of  the 
transfer  function) .  Both  active  and  passive  homodyne  processing 
schemes  have  been  developed  to  alleviate  this  problem,  though 
passive  schemes  are  generally  preferred  as  active  compensation 
has  a  limited  phase  tracking  range  without  the  need  for  resetting 
the  system  and  may  also  require  the  use  of  bulky  active 
components  in  the  Interferometer  arms.  The  use  of  passive 
techniques  require  that  the  interferometer  is  configured  to 
produce  two  output  signals  which  are  ideally  delayed  by  a 
constant  phase  difference  of  k/1  radians.  Therefore,  since  the 
two  output  transfer  functions  from  the  interferometer  are  of  the 
form  Sin^  and  Cos^,  when  one  small  signal  output  drifts  to  a  zero 
sensitivity  point  the  other  small  signal  output  will  be  maximised 
because  its  operational  point  will  be  biased  at  the  quadrature 
position.  Optical  methods  of  producing  this  quarter  wave  phase 
shift  have  used  the  processed  output  signals  from  a  3x3  fibre 
coupler  which  was  employed  to  combine  the  outputs  from  an 
interferometer[7]  or  a  quarter  waveplate  to  yield  a  ir/2  bias 
between  the  orthogonal  polarisation  states  in  a  polarimeter  [8]. 

This  paper  describes  a  new  passive  optical  compensation 
technique  using  a  white  light  interferometric  detection  scheme. 
In  contrast  to  the  general  position  sensing  applications  cited 
previously  we  detail  the  use  of  the  white  light  interferometric 
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system  to  monitor  the  vibrations  of  a  piezoelectrically  driven 
mirror  in  the  sensing  Interferometer. 

Passively  compensated  interferometric  system: 

Fig.l  depicts  the  passively  compensated  white  light 
Interferometric  detection  system.  Light  from  a  LED  source  was  fed 
via  a  multimode  fibre  coupler  into  a  Fabry-Perot  sensing 

Interferometer.  The  Fabry-Perot  cavity  was  formed  between  the  end 
face  of  a  collioiating  SELFOC  lens  coated  with  a  quarter  wave 
dielectric  layer  and  a  mirror  mounted  on  a  PZT.  The  light  which 
was  backreflected  to  the  modified  Michelson  readout 

Interferometer  was  encoded  with  a  channeled  spectrum  related 
directly  to  the  path  length  of  the  sensing  interferometer.  By 
loatching  the  path  lengths  in  both  interferometers  and  applying  a 
modulation  to  the  sensing  mirror  interference  fringes  were 
observed . 


The  passive  compensation  scheme  was  realised  in  the 
readout  interferometer  using  the  combination  of  a  retardation 
plate  and  a  polarising  beamsplitter  (PBS).  The  incoming 
unpolarised  light  beam  is  amplitude  divided  at  the  polarisation 
insensitive  beamsplitter  yielding  two  eqtial  amplitude  unpolarised 
beams  in  the  Interferometer  arms.  Unpolarised  light  can  be 
represented  by  two  orthogonal,  equal  amplitude  linearly  polarised 
waves.  Therefore  the  light  which  passes  through  the  waveplate 
will  experience  a  relative  retardation  of  ^f-^s  between  the 
orthogonal  linearly  polarised  waves,  where  t  and  s  refer  to  the 
fast  and  slow  components  passing  through  the  birefringent 
waveplate.  However,  the  two  orthogonal  linearly  polarised  waves 
which  pass  through  the  reference  arm  will  both  experience  the 
same  delay  #.  Now,  although  the  two  linearly  polarised  waves 
which  represent  each  tmpolarised  beam  are  mutually  incoherent  and 
cannot  interfere,  each  linear  component  in  the  delay  arm  will 
interfere  with  its  respective  component  in  the  reference  arm  when 
the  two  beams  recombine  in  the  be£unsplitter  (provided  that  the 
path  lengths  in  each  arm  are  matched  to  within  the  coherence 
length  of  the  source).  When  the  resultant  unpolarised  beam  is 
incident  on  the  FBS  it  is  split  into  its  two  orthogonal  linearly 
polarised  components  which  are  emitted  90"  apart  with  a  delay  of 
(^£-^a)  between  them.  Thus  the  two  output  irradlences  will  be 

Ii  a  [1'K:os(^r-^£)]  (1) 


and 


l2  «  [l'fCos(^s-^a)] 

When  an  eighth  waveplate  is  used  as  the  retardation  plate  the 
effective  delay  ^£-^a  is  a  quarter  wavelength  or  ir/2  radians 
since  there  is  a  double  pass  through  the  waveplate.  Thus 

l2  «  (l>Cos(^R-^£-HT/2)  ] 


or  equivalently, 

I2  a  [l+Sin(^R-^£)]  (2) 

Therefore  as  long  as  the  delay  between  both  interferometer  arms 
(^R-^£)  is  less  than  the  coherence  length  of  the  source 
interference  will  occur  and  the  quadrature  output  signals  listed 
in  Eqs.  (1)  and  (2)  will  be  obtained.  The  quadrature  output 
signals  can  then  be  suitably  transformed  using  differentiate  and 
cross -multiply  electronics  [9]  allowing  the  relevant  phase 
information  to  always  be  retrieved  even  if  one  of  the  small 
signal  outputs  fade. 
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Results  and  discussion: 

The  operation  of  the  quadrature  output  reference 
interferometer  is  demonstrated  in  Fig. 2.  The  two  periodic 
waveforms  correspond  to  the  output  signals  Ii  and  I2  when  an  8n 
peak  to  peak  radian  phase  change  is  applied  to  the  sensing 

mirror.  The  relative  phase  difference  between  the  signals  is 

clearly  k/2  radians  i .  e .  they  are  in  quadrature ,  The  upper  two 
traces  in  Fig. 3  show  the  output  signals  when  there  is  a  Ik  peak 
to  peak  radian  phase  change  at  the  sensing  mirror.  Here  one 
output  transfer  function  is  biased  at  its  quadrature  position  and 
the  corresponding  output  signal  is  at  the  modulation  frequency  of 
the  PZT  drive  for  the  mirror.  However,  as  there  is  a  quarter 
wavelength  delay  between  the  output  transfer  functions,  the  other 
output  will  be  biased  about  a  zero  sensitivity  point  and  hence, 
as  is  clear  from  the  trace,  the  output  is  at  twice  the  PZT 
driving  frequency.  The  lower  traces  of  Fig. 3  depict  the  small 
signal  outputs  when  each  interferometric  output  is  biased  as 
above.  Here  we  can  see  that  the  signal  fades  from  the  channel 
which  is  biased  about  a  zero  sensitivity  point,  while  the  output 
from  the  channel  operating  at  its  quadrature  position  is 
maximised. 

This  paper  has  demonstrated  the  feasibility  of 

Implementing  a  passively  compensated  white  light  interferometric 
system  to  detect  the  optical  phase  changes  induced  in  a  remote 
sensing  interferometer  by  a  vibrating  mirror.  However,  this 
system  could  be  applied  more  practically  to  monitor  the  resonant 
frequency  changes  in  a  microresonant  transducer,  such  as  a 

silicon  microresonant  pressure  sensor  [10].  Since  the  white  light 
system  will  only  give  a  periodic  output  when  the  path  lengths  are 
matched  in  both  the  sensing  and  the  reference  interferometers 
several  such  mlcroresonant  sensors  could  be  multiplexed  onto  a 
single  fibre  bus  with  each  forming  a  remote  Fabry-Perot  sensing 
interferometer  but  with  each  having  a  different  path  length.  Then 
by  tuning  the  local  reference  interferometer  path  length  to  that 
of  each  of  the  remote  sensing  interferometers  the  transducer 
signal  from  each  could  be  monitored  in  turn,  thereby  combining 
some  of  the  benefits  of  white  light  interferometry  [2]  with  those 
of  silicon  microresonant  sensors  [11]. 

Conclusions : 

This  paper  has  reported  a  simple  passive  compensation 
technique  using  a  white  light  interferometric  detection  scheme, 
which  is  compatible  with  multimode  fibre  and  cheap  comBercial 
optical  sources. 
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Figure  3: 


Top  (uo  trocea  depict  the  interferoaMitvr  outputs  vith  a 
2T  pk*ph  radion  signal  applied  to  the  sensing  Mirror. 
Lower  traces  show  sbmII  signal  outputs  when  one  output 
transfer  function  is  biased  at  its  quadrature  position. 


P38  Spurious  Sidebands  Of  Signal  Carriers  In  Fiber-optic 

Interferometric  Sensors 

K.P.  Koo*,  D.  M.  Dagenais*.  F.  Buchotz  and  A.  Dandridge 
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Washington,  DC  20375 

Baseband  low-frequency  signals  up-converted  to  sidebands  of  signal  carriers  can  mask  out  the  detec¬ 
tion  of  intended  signals[1].  For  example,  laser  source  intensity  noise  up-converted  to  the  sideband  of  the 
magnetic  carrier  can  limit  the  detection  of  smal  low-frequency  magnetic  signals[2].  In  this  paper,  we 
present  experimental  results  wNch  demonstrate  the  up-conversion  of  three  types  of  baseband  signals:  1) 
the  interferometer  optical  input  intensity  fluctuation  from  laser  intensty  noise,  2)  the  frequency  noise  of  the 
optical  source  or  equivalent  low-frequency  interferometer  phase  noise,  and  3)  the  input  polarization  fluctua¬ 
tion.  Also,  the  dependence  of  the  strength  of  these  up-converted  signals  on  the  interferometer  quadrature 
condlion  and  on  the  frequency  contents  of  these  baseband  signals  are  presented. 

Figire  1  shows  the  set-up  of  our  experimenL  A  Mach-Zehnder  interferometer  forms  the  core  of  a  fiber¬ 
optic  magnetic-field  sensor.  The  optical  input  to  the  i^erferometer  is  designed  to  provide  three  types  of 
modulation  simulating  the  three  types  of  baseband  signals  mentioned  above.  The  optical  source  is  a  diode- 
pumped  solid  state  laser  (Lightwave  Electronics,  model  122)  which  provides  a  simultaneous  laser  modula¬ 
tion  induced  intensity  modulated  (LMIAM)  and  a  laser  modulation  induced  frequency  modulated  (LMIFM) 
signal.  The  laser  output  is  intensty  modulated  by  a  ight  power  controler  (from  Cambridge  Research 
Corporation)  providing  a  pure  AM  signal  The  in-Sne  fiber  polarization  tr.jdulator[3]  provides  a  polarization 
modulation  induced  AM  (PMIAM)  and  a  polarization  induced  FM  (PMIFM)  to  the  interferometer  optical 
input.  An  equivalent  pure  FM  signal  or  an  interferometer  phase  signal  is  provided  by  the  piezoelectric  (PZT) 
modulator  which  is  also  used  for  active  stabizatioa  The  two  optical  outputs  are  monlored  by  InGaAs  de¬ 
tectors  and  the  subsequent  electrical  signals  are  analyzed  wth  a  spectrum  analyzer  (HP3567A). 

The  interferometer  output  V  is  represented  [4]  by 

V.(V2)l^{1±pcos(<l>-Y)}  (1) 

where  -i-  and  -  correspond  to  the  two  compimentary  outputs  of  the  interferometer,  l^>[1-m^cos(ci)|t)]  is  the 
modulated  input  power  wth  modulation  index  m^,  p>[1-sin^(0)sin^(n/2)]^^^  [ref.4]  is  the  fringe  vebRy 
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modulated  by  the  input  polarization  angle  (reference  to  the  eigenmode  vector  of  the  system  according  to 
ref..4)  es[B^-6^cos(cOpt)]  and  n  is  the  differential  birefringence  of  the  interferometer, 
<t>=[<t>o-^lCos(cDgt)+<t>2Cos(<Oc  ^  interferometer  phase  consisting  a  static  phase 

(|>Q,  a  phase  carrier  <|>^cos((Ogt).  a  low-frequency  signal  sideband  <t>2Cos(a)^  ±(Og)t  due  to  frequency  mixing 
in  a  non-linear  magnetostrictive  transducer  and  a  low-frequency  phase  signal  <|>^cos(o)^),  and 
Y  » tan'^{cos(6)tan(C2/2)}  is  the  polarization  induced  phase  modulation.  It  is  clear  from  Eqn.1  that  there  wil 
be  frequency  mixing  among  1^,  p  and  <|>,  resuthg  in  frequency  up-conversion  of  the  modulation  signals  by 
the  phase  carrier.  For  B^^nrc-i-A,  A«k,  a  measured  Q«160^.  one  can  assume  p»1-  mpCOs(o)pt). 

The  ambiguity  of  signal  sideband  vs.  spurious  sideband  signals  in  a  fiber-optic  sensor  is  ilustrated  in  a 
spectrum  shown  in  Figure  2.  The  interferometer  is  stablized  at  quadrature.  A  magnetic  carrier  of  0.03  rad. 
at  20  kHz  up-converts  a  11  mOe  low-frequency  magnetic  signal  at  co^^l  Hz  to  Is  sideband  at  the  carrier 
offset  frequency  of  ±1  Hz.  Similarly,  an  intensity  modulated  (AM)  signal  with  m^^O.OI  at  (Oj=4.3  Hz,  a  po¬ 
larization  modulated  (PM)  signal  wih  mp«0.01  at  a)p»5.4  Hz  and  a  laser  modulated  (LM)  signal  at  (D|=3.2 
Hz  are  ateo  up-converted.  It  should  be  noted  that  the  sideband  signal  offset  frequency  is  dependent  on  the 
interferometer  quadrature  condlion  At  quadrature,  the  2nd  harmonics  of  the  FM  fncluding  LMIFM  and 
PMIFM)  signals  or  the  low-frequency  interferometer  phase  signal  is  strongly  up-converted,  whle  the  funda¬ 
mental  frequency  component  of  the  AM(including  LMIAM  and  PMIAM)  signals  are  strongly  up-converted. 
When  the  interferometer  is  90  degree  away  from  quadrature,  the  2nd  harmonics  of  AM  and  PM  signals  are 
strongly  up-converted  while  the  fundamental  component  of  the  FM  is  strongly  up-converted.  Our  active  sta¬ 
bilization  circut  suppresses  low-frequency  FM  signal  wlh  a  cut-off  frequency  of  1  kHz  and  a  rol-off  of  20 
dB/decade,  resulting  in  low-frequency  sideband  signals  dominated  by  up-converted  AM ,  LMIA  and  PMIA 
signals.  Therefore  Figure  2  shows  only  the  laser  modulation  induced  intensity  fluctuation  (LMIAM)  wth  an 
equivalent  mg«2.8x10'^.  The  interferometer  noise  floor  is  equivalent  to  AM  wfth  m^»0.0001  or  mp«0.0001. 

Suppression  of  the  up-conversion  of  low-frequency  FM  signal  is  achieved  by  actively  stabiizing  the  in¬ 
terferometer  at  quadrature.  Figure  3  shows  the  PM,  AM  and  LM  sideband  signals  as  a  function  of  their 
modulation  frequencies.  To  first  order,  AM  and  PMIAM  sidebands  at  their  respective  fundamental  modula¬ 
tion  frequencies  are  frequency  independent  wh3e  al  FM  including  PMIFM  and  LMIFM  sidebands  are  sup¬ 
pressed  for  frequencies  below  1  kHz  with  a  roB-off  of  approximately  20  dB/decade.  Note  that  the  LM 
induced  sideband  for  modulation  frequencies  above  1  kHz  is  FM  dominated  and  at  low-frequencies  is  AM 
dominated.  At  intermediate  frequencies,  the  sideband  signal  is  a  superposition  of  AM  and  FM  resuting  in  a 
frequency  dependence  as  shown.  Suppression  of  AM  and  PMIAM  sideband  signals  by  >30  dB  has  be 
achieved  by  a  sidstraction  technique  described  in  ref.[5]. 

The  dependence  of  the  up-converted  signals  normalized  to  the  carrier  signal  on  the  quackature  state  of 
the  interferometer  is  shown  in  Fig.  4.  All  the  modulation  frequencies  are  above  the  cut-off  frequency  of  the 
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ulterferometer  stabflization  circuit  to  reveal  the  intrinsic  up-conversion  process  without  sippression.  The 
normalized  sidebands  due  to  pure  AM  (measured  at  o^+coj)  are  relatively  k^dependent  of  the  quadrature 
state  because  the  sideband  signal  and  the  carrier  signal  change  in  unison.  The  normalized  sidebands  due 
to  LM  (measured  at  co^+coj)  and  PM  (measured  at  co^+tOp  with  BQ=n7c-»-A)  are  dependent  on  the  quadra¬ 
ture  state.  At  quadrature  (^^=^12),  the  sideband  signals  are  dominated  by  LMIAM  and  PM  I  AM  and  as  the 
interferometer  is  biased  toward  90  degree  away  from  Uie  quadrature  point,  sidebands  due  to  LMIFM  and 
PMIFM  become  stronger  than  the  AM  effect. 

In  conclusion,  up-conversion  of  low-frequency  spurious  signals  such  as  source  intensfty  and  frequency 
modulation  as  wefl  as  input  polarization  modulation  wiS  obstruct  the  detection  of  intended  signal  such  as 
the  low-frequency  magnetic  signal  The  up-converted  signals  depend  on  the  carrier  strength  and  the  inter¬ 
ferometer  quadrature  condition.  Intensity  and  polarization  modulation  index  of  <0.0001  is  required  to  obtain 
sideband  noise  equivalent  to  an  interferometer  phase  of  a  few  micro-radian  h  the  presence  of  a  0.3  radian 
phase  carrier.  AM  and  PM  sideband  can  be  suppressed  by  a  subtraction  technique[5]  and  FM  sideband  is 
suppressed  by  active  interferometer  stabilization. 


We  acknowledge  valuable  discussions  wlh  Carl  Villarruel  and  A.D.  Kersey.  This  work  is 
supported  partly  by  the  Office  of  Naval  Technology. 
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1.  Introduction 

Monolithically  integrated  optical  devices  on  a  laser  wafer  can  be  used  to 
construct  the  optical  microsensors  that  will  be  used  In  high-performance 
mechanical  systems  like  future  micromachines.  The  elements  in  these  devices 
are  precisely  arranged  by  the  use  of  lithography.  In  this  papaer,  we  propose  a 
focus-sensing  laser  that  has  a  monolithic  3-channel  laser  diode  (LD)  array  with 
vertically  displaced  facets.  This  device  operates  with  lenses  and  an  external 
mirror,  and  we  expect  it  to  be  used  not  only  in  vertical  sensing  systems  but  also  in 
optical  disk  systems. 

2.  Device  structure  and  principle 

The  laser  wafer  has  a  separated  confinement  heterostructure  with 
GaAs/AIGaAs  triple  quantum  wells  to  reduce  drive  current.  Liquid-phase  epitaxy 
is  used  to  fabricate  three  laser  stripes  with  a  buried  heterostructure.  The  stripes 
are  130  pm  apart.  Laser  facets  are  fabricated  by  fast  atomic-beam  etching  and 
are  coated  with  an  anti-reflection  (AR)  coating  by  ion-beam  sputtering.^  The 

facets  of  each  laser  are  vertically  staggered  by  12  pm  (Fig.  1).  To  individually 
monitor  the  output  of  each  laser  channel,  the  unstaggered  end  of  each  channel 

faces  a  photodiode  (PD)  across  a  1 0-pm-wide  groove. 

Focus  sensing  is  based  on  the  lasing  characteristics  of  an  external  cavity  laser 
consisting  of  the  LD,  lenses,  and  an  external  mirror.  The  optical  system  is 
schematically  shown  in  Fig.  2.  A  collimator  and  objective  lens  pair  is  used  to 
obtain  a  small  spot. 

The  efficiency  of  light  feedback  from  the  external  mirror  decreases  when  the 
mirror  is  increasingly  displaced  from  the  focal  plane.  Light  output  is  threfore  a 
function  of  mirror  displacement  and  is  maximum  at  the  focal  plane.  Due  to  the 
vertically  staggered  facets  of  the  LD  array,  for  each  focal  plane,  the  maximum 
points  for  each  channel  is  at  a  different  position.  If  the  injection  currents  are 
adjusted  until  the  maximum  points  for  the  outside  channels  have  the  same  value, 
the  difference  between  the  light  outputs  of  these  channels  indicates  the  vertical 
position  of  the  mirror.  This  difference  is  an  S-shaped  function  of  mirror 
displacement,  and  it  becomes  zero  when  the  mirror  is  just  at  the  focal  plane  of  the 
central  channel. 

3.  Characteristics 
Experimental  set-up 

We  measured  the  intensity  and  wavelength  of  this  LD  array’s  output  in  a  static 
experimental  system  when  the  external  mirror  is  vertically  displaced  by  a 
piezoelectric  transducer.  The  mirror  was  a  glass  substrate  covered  by  an 
aluminium  reflection  layer  with  a  reflectivity  of  0.7.  A  Peltiel  device  was  used  to 
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keep  the  LD  drive  temperature  at  25*C. 

SuDOtBSSion  of  interferometric  undulation 

The  light  output  of  the  external  cavity  laser  was  undulated  at  an  interval  of  a 
half-wavelength  of  the  emission  light  when  the  displacement  of  the  mirror  was 
varied.  This  was  due  to  the  interference  between  the  feedback  light  and  light 
reflected  internally  from  the  LD  facet.  This  undulation  generated  many  maximum 
points,  thus  offering  many  positions  where  the  light  output  difference  became 
zero,  which  made  it  impossible  to  obtain  the  focal  plane  by  estimating  the 
difference.  Such  undulation  was  suppressed  by  reducing  the  laser  facet 
reflectivity,  which  weakened  the  interference.  This  suppression  effect  is 
demonstrated  in  Fig.  3.  The  undulation  amplitude,  defined  as  the  light  output 
difference  between  high  and  low  points  of  the  undulation,  is  considerable  large 
for  an  non-coated  LD  (with  a  facet  reflectivity  of  0.32),  while  that  is  greatly 
reduced  for  an  AR-coated  LD(with  a  reflectivity  of  less  than  0.001). 

Focus  sensing 

For  each  channel  of  the  LD  array.  Fig.  4  shows  light  output  as  a  function  of 
mirror  displacement.  The  displacement  of  the  neighboring  maximum  points  was 
greater  than  20  pm,  which  is  almost  twice  the  facet  displacement.  The  former 
displacement  depends  on  the  spacing  between  the  laser  facet  and  the  lenses 
and  could  be  optimized  to  obtain  a  spot  as  small  as  the  diffraction  limit.  Other 
maximum  points,  completely  different  from  those  due  to  the  interference, 
appeared  around  several  micrometers.  These  were  due  to  the  abberation  of  the 
lenses.  These  additional  points  can  be  avoided  by  improving  the  lenses. 

The  maximum  points  for  the  outside  channels  were  not  always  the  same,  so  a 
focus-error  signal  was  defined  as  the  light  output  difference  between  the  outside 
channels  normalized  by  each  maximum  value.  The  focus-error  signal  is  shown  in 
Fig.  5  as  a  function  of  mirror  displacement.  It  became  almost  all  zero  when  the 
mirror  displacement  was  zero. 

4.  Application 

The  LD  array  can  be  used  in  an  optical  head  by  replacing  the  external  mirror 
with  an  optical  disk,  its  central  channel  is  used  for  detecting  data  signals,  while 
the  outside  channels  are  used  for  detecting  the  focus-error  signal  for  the  central 
channel.  The  mechanism  for  detecting  data  signals  is  based  on  the  switching 

characteristics  of  the  external  cavity  laser  for  the  central  channel.^  The  optical 
disk  consists  of  high-  and  low-reflectivity  areas,  and  it  gives  two  lasing  thresholds 
to  the  external  cavity  laser.  Under  a  bias  current  between  these  two  thresholds, 
the  laser  produces  stimulated  and  spontaneous  emissions  responding  to  the  disk 
reflectivity  (Fig.  6).  Thus,  a  series  of  light  outputs  with  dual  values  are  obtained  as 
data  signals.  This  head  has  a  very  simple  structure  and  operates  with  a  simple 
optical  system. 

5.  Conclusion 

We  have  demonstrated  the  sensing  characteristics  of  a  focus  sensor  that  uses 
the  3-channel  LD  array,  and  we  have  shown  its  potential  application  in  an  optical 
head.  Such  LD  arrays  will  be  applied  to  a  variety  of  systems  that  need  micro 
sensors. 
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Summary 

Sensing  using  silicon  integrated  optics  exploits  the  advantages  of  both  optics  and  integrated  circuit  technologies:  the 
high  bandwidth  and  electromagnetic  noise  immunity  of  optical  sensing  systems  as  well  as  the  small  size,  durability, 
low  cost  and  consistent  reliability  of  established  silicon  technology.  Sensor  structures  based  on  silicon  integrated 
optics  have,  hitherto,  been  realized  using  low  doped  regions  as  waveguide  ccffes,with  either  a  combinsaion  of  diffused 
and  epitaxial  regions  of  highly  doped  (N'^)  material  as  the  cladding  [1].  Rib  structures  for  light  confinement  have 
also  l^n  realized  using  anisotropic  etching  techniques  [1].  These  types  of  structures  have  two  drawbacks.  Coupling 
of  light  to  and  from  such  devices  is  difficult  because  of  the  mismatch  of  refractive  indices  of  the  optical  fiber  and 
silicon.  In  addition,  silicon  is  lossy  at  the  standard  wavelengths  used  with  the  fiber.  The  ARROW  (Anti-Resonant 
Reflecting  Optical  Waveguide)  [2]  structure  overcomes  this  problem.  It  supports  the  jH'opagation  of  a  leaky  mode  in 
a  low  index  core  despite  a  higher  index  cladding.  By  proper  selection  of  layer  thicknesses,  the  loss  can  be  reduced  to 
an  acceptable  level.  The  ARROW  structure  offers  many  advantages  over  previous  silicon  based  integrated  optical 
devices.  It  needs  very  little  nonstandard  IC  process  steps,  provides  a  good  match  for  fiber  coupling,  and  allows 
integration  of  electronic  devices,  such  as  photodetectors,  on  the  same  chip.  Furthermore,  with  the  addition  of  simple 
post-processing  steps,  the  ARROW  structure  offers  the  potential  for  sensing  a  wide  variety  of  measurands  (see  13]). 
In  this  paper,  we  present  a  micromechanicai  sensor  bas^  on  an  optical  waveguide,  for  sensing  mechanical  signals. 
The  waveguide  core  is  the  surface  resonating  layer  of  an  ARROW  structure.  A  pressure  uniformly  applied  to  the 
suspended  sensing  arm  of  an  interferometer  causes  deflection.  The  resulting  phase  change  at  the  end  of  the  sensing 
arm  causes  a  reduction  of  the  light  intensity  at  the  sensor  output  due  to  destructive  interference  with  light  from  the 
reference  arm.  There  are  two  mechanisms  for  a  change  in  phase  of  the  light.  The  first  is  a  change  in  effective  length 
of  the  sensing  arm  due  to  pressure-induced  beam  deflection  .  The  second  is  a  change  in  effective  index  of  refraction  of 
the  waveguide  core,  caused  by  pressure-induced  beam  stress.  The  phase  change  due  to  deflection  is  characterized  in 
terms  of  the  relative  change  in  beam  length  (AL/L),  the  applied  pressure,  and  the  propagation  constant  of  light  in  the 
ARROW.  The  stress  induced  phase  change  can  be  determined  from  a  permittivity  perturbation  tensor,  which  is  the 
product  of  a  stress  tensor  and  the  stress-optical  tensor  for  the  cote  material.  A  change  in  propagation  constant  results 
from  the  permittivity  change.  These  mechanisms  ate  systematically  discussed  in  what  follows. 

Waveguide  and  Inteiferometer  Structure:  Mechanical  and  Optical  Properties 

The  overall  structure  of  the  sensor  is  an  interferometer,  including  a  reference  arm  and  a  sensing  arm.  The  sensing 
arm  is  a  beam  suspended  over  an  etched  pit  in  the  silicon  substrate  (Fig.  1).  The  ARROW  structure  has  been 
fabricated  using  our  in-house  University  of  Waterloo  bipolar  IC  process,  using  a  <10(^  Si  substrate.  The  device 
cross  section  is  shown  in  Fig.  2;  SEM  images  are  shown  in  figure  S.  The  sensing  arm,  viz.,  the  suspended 
micromechanicai  ridge,  was  realized  as  a  post  processing  step,  using  standard  anisotropic  etching  techniques.  These 
thicknesses  are  chosen  to  minimize  loss  in  the  waveguide,  based  on  the  guidance  conditions  of  total  internal 
reflection  at  the  air/core  interface  and  anti-resonant  reflection  at  the  core/cladding  interface  [1].  Under  the  second 
cladding  is  the  substrate,  except  at  the  active  sensing  area:  here  the  silicon  is  etched  away  leaving  an  air  cavity. 
Because  the  waveguide  is  not  single  mode,  there  will  be  other  modes  which  experience  different  ixopagation  and 
phase  changes  in  the  sensing  arm.  It  is  possible  to  make  the  waveguide  single  mode  by  thinning  the  core  and 
cladding  layers  appropriately. 

Beam  Deflection  as  a  function  of  Applied  Pressure 

The  deflection  of  a  beam  A  y,  under  uniform  load  conditions  is  (see  derivation  in  Appendix  A) 

Here,  P  is  the  applied  pressure,  b  is  the  width  of  the  beam,  L  is  the  end  to  end  length  of  the  beam,  z  is  the  position 
along  the  beam  (from  the  center),  E  is  Young's  modulus,  I  is  the  moment  of  inertia  of  the  beam  (^bh^  fcff 
rectangular  cross-section),  and  h  is  the  height  of  the  beam. 

Change  in  Length  cf  Beam 

The  change  in  beam  length  as  it  is  deflected  can  be  found  from  the  equation  governing  the  shape  of  the  loaded  beam: 
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AL  = 


(2) 


U1 


-1  dz. 


For  our  application  in  question,  equation  (2)  does  not  provide  a  convenient  closed  form  solution  for  AL.  Instead, 
values  of  AL  were  calculated  for  a  range  of  pressures  of  interest,  over  a  range  of  beam  lengths  of  interest  The 
calculations  were  done  using  Maple  (a  symtolic  math  tool),  and  verified  by  numerical  integration.  The  pressme 
range  results  were  fitted  for  each  length  using  fourth  order  polynomials.  For  a  given  length,  the  resulting  curve  fit 
coefficients  are: 


AL(P)  =  A2(L)P^+ 


(3) 


Equation  (3)  is  valid  over  the  pressure  range  0  <  P  ^100  atmospheres.  The  sets  of  coefficients  for  each  pressure  were 
then  fit  for  the  range  of  lengths  of  the  beam,  and  the  resulting  functions  for  i^(L)  and  ^  (L)  are: 


A.,(L)=  1.78xl0^®L^  (-SL)  and  >L(L)  = -2.08x10^^ 

atm'*  ^  atm^ 

The  final  equation  governing  change  in  beam  length  over  pressures  up  to  100  atm  (10132S  Pa)  for  beam  lengths  in 
the  range  SO  (im  to  200  pm  is: 

ALaJ*)  =  1.78x10^®  L^P^O  -  1.16x10*®  L^  ’*^pV  (4) 


In  (4),  the  pressure  is  in  atmospheres,  L  and  AL  are  in  meters. 


Phase  Change  due  to  Effective  Length  and  Refractive  Index 

The  maximum  phase  change  required  in  the  sensing  arm,  with  respect  to  the  reference  arm,  is  it.  This  determines 
the  operating  (pressure)  range  of  the  sensor  in  terms  of  beam  length  and  layer  thicknesses  of  the  ARROW  structure. 
A  second  source  of  phase  change  in  the  sensor  arm  of  the  interf^meter  is  the  stress  induced  in  the  beam  by  the 
applied  pressure.  Deflection  of  the  beam  causes  stress,  which  causes  a  perturbation  in  the  permittivity  of  the 
medium  that  the  wave  propagates  through.  This  causes  an  effective  chmge  in  the  index  of  refiraction;  modifying  the 
propagation  constant  of  the  wave  in  that  medium.  A  stress  tensor  has  been  constructed  for  the  beam.  The  resulting 
stress  components  (for  a  unit  pressure)  are. 
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where  y  and  z  are  measured  from  the  center  of  the  beam. 

For  the  above  stress  tensor,  the  change  in  electric  field  of  a  propagating  wave  reduces  to: 
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where  Cl  =  -6.83x10  [Pa'M.  C2  =  -4.19x10  IPa*M.  and  C4  =  3.507x10  [Pa*']  ae  the  stress-qrtical 

coefficients  [4].  The  change  in  refractive  index  is  found  from  the  relationship  8n^  »  5e.  The  change  in  phase  of  the 
propagating  light  due  to  the  stress-optical  effect  can  subsequently  be  calculated  as  A0  »  dz.  This  will  be 

evaluated  as  J  Ai^^l^  dz  for  TE  modes  and  J  Aiy^l^  dz  for  TM  modes. 
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Simulation  Results 

Since  the  ARROW  structure  is  based  on  precise  layer  thicknesses,  the  question  of  sensitivity  to  layer  thickness 
arises.  This  sensitivity  was  tested  for  each  layer,  through  siniulation.  It  was  found  that  for  an  optimized  ARROW 
device,  the  sensitivity  is  low  for  variations  up  to  5%,  which  falls  within  fabrication  tolerance.  An  important  issue 
is  the  effect  of  the  suspended  beam  on  the  interferometer  output.  If  there  are  differences  between  the  reference  arm 
and  the  sensing  arm  caused  by  the  etched  pit,  then  the  interferometer  may  not  operate  properly.  For  the  device 
designed,  it  was  found  through  simulation,  that  the  propagation  of  light  through  the  structure  is  relatively  unaffected 
(for  a  TEq  mode)  by  the  change  in  layer  material  (from  silicon  to  air)  beneath  the  second  cladding  layer;  both  in 
terms  of  propagation  constant  and  field  pattern.  The  propagation  constant  in  the  core  is  14.28S96  rad^tm  over  the 
substrate  and  14.28597  rad/fim  over  the  etched  pit  (see  Table  1).  An  effective  index  of  refraction  is  calculated,  which 
represents  the  equivalent  core  index  seen  by  the  propagating  wave  (neff  =  P/ko)-  An  attenuation  of  0.36  dB/cm 
occurs  over  the  substrate.  Over  the  etched  pit,  the  light  experiences  total  internal  reflection  (at  the  cladding/air 
interface),  and  virtually  no  attenuation  occurs.  For  a  150  )im  long  sensing  arm,  the  zero  measurand  relative  phase 
error  is  less  than  1.5  mrad.  The  power  profiles  for  both  waveguide  cross-sections  are  shown  (Fig.  4).  For  the  same 
beam,  an  applied  pressure  of  approximately  82  atm,  produces  a  beam  extension  of  0.21  )xm,  yielding  the  desired 
maximum  phase  change.  Figure  3  shows  length  and  phase  change  for  different  beam  lengths  over  the  pressure  range 
0  ^  P  <  100  atm.  Characterization  of  this  pressure-sensitive  waveguide  is  currently  in  progress. 

Conclusion  and  Outlook 

The  device  presented  here  requires  a  very  long  sensing  arm  to  achieve  small  pressure  resolutions.  In  view  of  the 
mechanical  integrity  of  the  structure,  long  suspended  beam  lengths  may  not  be  realizable.  One  disadvantage  of  the 
structure  presented  here  is  that  it  is  only  sensitive  to  a.c.  pressures;  a  static  pressure  will  cause  no  deflection.  Aji 
alternative  fabrication  procedure  is  to  etch  the  substrate  from  the  backside  of  the  wafer,  thus  providing  Si02  (or 
heavily  doped  Si)  diaphragms  sensitive  to  static  pressure.  Despite  the  current  technological  limitations,  devices  of 
this  form  offer  promising  features:  EMI  immunity  and  high  bandwidth. 
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Table  1:  Propagation  Constants  for  ARROW  Waveguide  (at  0.6238  urn) 


Mode 

Effective  Substrate 

Propagation  Constant  (P  -  ja  nm’^) 

neff 

TEo 

Silicon 

14.28596 -j4.24x  10-6 

1.4387857 

TEo 

Air 

14.28597 -jl.82xl0-13 

1.4387870 

TMo 

Silicon 

14.28254 -j9.24x  10-^ 

1.4384410 

TMo 

Air 

14.28274  -  il.80xl0-12 

1.4384614 
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Measurement  and  Instrumentation  Centre, 
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ABSTRACT 

A  system  comprising  a  fibre  optic  probe,  low  coherence  li^ht  source  and  a  modified 
recovery  Michelson  Interferometer  is  described  and  applied  to  the  measurement  of 
the  flow  velocity  of  scattering  particles. 

INTRODUCTION 

Fluid  flow  rate  is  often  measured  using  optical  Doppler  anemometiy  techniques. 
Light  scattered  from  the  moving  particles  (seeds)  in  the  now  is  mixed 
interferometrically  with  light  from  a  reference  beam  on  a  photo-detector  (1). 
However,  these  measurements  only  determine  the  speed  of  the  flow  and  not  the 
actual  direction.  Complex  optical  systems  utilising  frequency  shifting  elements  (2) 
(eg  a  Bragg  celp  have  been  used  to  impose  a  earner  frequency  onto  the  light  beam 
and  allow  the  flow  velocity  to  be  determined,  but  these  are  bully  and  e>q>ensive 
optical  arrangements.  The  use  of  optical  fibres  for  measurement  of  fluid  flow 
velocity  is  an  obvious  development  of  the  technology.  Their  small  physical 
dimensions  and  flexibility  makes  them  an  attractive  proposition.  However,  the  use 
of  optical  fibres  does  introduce  problems.  when  used  in  interferometric 
arrangements  the  reflections  from  the  fibre  end  faces  can  result  in  interference 
signals  which  give  rise  to  erroneous  information.  Also,  although  the  fibre  probe  is 
small,  as  the  majority  of  the  light  scattered  back  down  the  fibre  comes  from  a  small 
region  very  close  to  the  end  of  the  fibre  where  the  flowjperturbation  is  greatest  (the 
’stagnation  region’),  there  is  an  effect  on  the  required  signal. 

The  technique  described  here  overcomes  these  problems  by  utilising  a  low  coherence 
light  source  (3)  to  project  the  ’measurement  region’  ahead  of  the  stagnation  region. 
A  modified  recovery  Michelson  interferometer  then  provides  two  interferometric 
outputs.  The  relative  phase  of  these  two  signals  can  be  controlled  independently. 
This  phase  difference  IS  selected  to  be  giving  two  outputs  in  quadrature.  The 
signal  processing  discussed  herein  then  allows  the  velocity  rather  than  speed  of  the 
flow  to  be  determined. 

EXPERIMENTAL 

The  light  source  used  was  a  multi-mode  laser  diode.  When  operated  in  an 
interferometric  arrangement,  interference  is  only  observed  when  the  path 
difference  between  the  two  recombinii^  beams  is  less  than  the  charactemtic 
coherence  length,  Lc,  which  is  typically  iWnm.  If  the  path  difference  is  neater  than 
the  coherence  len^,  interference  can  still  be  observed  if  a  second,  recovery, 
interferometer  is  used.  This  second  interferometer  is  arranged  to  have  a  path 
difference  equal  to  that  of  the  first  interferometer,  thus  bringing  components  of  the 
light  back  into  coherence  (3). 

In  the  present  scheme,  this  second  interferometer  has  a  path  difference  of 
5(XV<ni.  Thus,  interference  is  only  observed  if  the  path  difference  of  the 
measurement  interferometer  matches  this  value.  For  an  optied  fibre  Doppler 
anemometer,  the  measurement  interferometer  is  formed  between  the  end  of  the 
fibre  probe,  which  reflects  light,  and  the  particles  which  scatter  light,  back  down  fiie 
fibre  core.  Thus,  the  measurement  region  is  projected  ahead  of  me  fibre  probe  and 
the  stagnation  region.  This  distance  can  be  varied  by  adjusting  the  path  difference 
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in  the  recovery  interferometer,  but  is  typically  kept  small  (S00-70Qu  m)  to  maximise 
the  return  signal. 
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Figure  1:  E)q>erimental  Arrangement 

The  experimental  arrangement  used  is  shown  in  figure  1.  light  from  the 
multi-mode  laser  diode  (LD,  Sharo  LT023,  X  =  m)nm)  is  laundied  into  a 
single-mode  fibre  optic  coupler.  One  of  the  outout  ports  of  the  coupler  is 
terminated  in  index-matching  gel  (IM),  and  the  other  torms  the  fibre  probe,  light 
reflected  from  the  end  face  of  the  fibre  and  scattered  from  the  flow  is  carried  back 
down  the  fibre  core.  This  light  is  then  taken  from  the  fibre  coupler  and  collimated 
by  a  lens  (L2)  into  a  beam  of  5-8nm  diameter,  which  is  then  introduced  into  a 
Michelson  interferometer.  Adjustment  of  mirror  Ml,  allows  precise  control  of  the 
path  difference  to  match  that  of  the  probe. 


Further  processing  of  the  returned  li^t  is  provided  in  a  novel  arrangement  of  the 
Michelson  interferometer  by  tiltii^  the  second  mirror  (M2)  through  a  small  ande 
about  the  vertical  axis  (4,5).  This  imposes  a  variation  in  path  difference  across  the 
beam  profile,  and,  if  the  two  recombining  beams  are  coherent,  a  series  of  bright  and 
dark  vertical  fringes  will  be  observed,  across  the  beam  profile.  This  pattern  will  move 
due  to  the  Doppler  signal  imposed  on  one  of  the  recombining  beams.  This  output  is 
further  split  by  a  beam  splitter  (BS2)  to  dve  two  output  beams.  Each  of  these  is  then 
incident  on  a  transmission  grating  (G1,G2)  of  period  equal  to  the  spatial  period  of 
the  spatial  fringe  pattern.  The  transmitted  light  is  then  focussed  onto 
photcmetectors  (d1,D2). 


As  the  spatial  fringe  pattern  moves  across  the  beam  profile  over  the  grating,  a  time 
varying  signal  is  detected.  This  signal  is  identical  to  the  ouq>ut  from  a  conventional 
interferometer  (apart  from  a  reduction  in  visibility)  (4)  but  the  phase  of  the  signal 
can  be  controlled  by  vs^ng  the  spatial  position  of  the  transmission  grating.  By 
positioning  each  erating  independently,  the  relative  phase  of  the  output  signsus  can 
oe  controlled.  Of  practical  importance  is  a  relative  phase  difference  of  x/2,as  the 
output  signals  1(1)  and  1(2)  can  then  be  written  as  (4): 

1(1)  =  V  cos(Wd  t)  1(2)  =  V  sin(Wd  t)  (1) 


where  v  is  the  visibility  and  Wd  is  the  Doppler  frequency  shift,  given  by: 

u  cos(a) 

Wd  = - 


X 
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(2) 


where  u  cos(0)  is  the  component  of  the  velocity  resolved  in  the  direction  of  the  fibre 
probe,  and  X  is  the  wavelength  of  the  source.  Wd  is  positive  for  flow  towards,  and 
negative  for  flow  away  from,  the  fibre  probe. 

The  signals  are  then  digitised  and  transferred  to  a  PC  for  analysis.  The  analysis 
consists  of  performing  a  fast  Fourier  transform  (FFT)  on  the  quantity: 

X(t)  =  1(1)  +  il  (2)  (3) 

where  i  is  V-l.  This  will  give  a  single  side-band  frequency  at  the  Doppler  frequen^ 
shift  Wd  from  which  the  velocity  of  the  scattering  particles  can  be  determined  via 
equation  2. 

RESULTS 

For  the  purposes  of  demonstration  a  simulated  flow  was  used  to  impose  the  Doppler 
shift  on  the  light  beam.  This  consisted  of  a  rotating  disc  with  a  highly  scattering 
surface.  Interrogation  of  a  point  at  a  fixed  radius  from  the  centre  of  the  disc  would 
then  give  a  constant  Doppler  shift.  The  fibre  probe  was  positioned  at  a  distance  of 
~  50Qm  m  from  the  rotating  surface  at  an  angle  of  45  degrees  to  the  surface  normal. 
The  path  difference  of  the  recovery  interferometer  was  adjusted  to  match  that  of 
the  probe  cavity. 


FiCTre2:  (a)  Detected  interference  signals  and  (b)  FFT  Specnim  of  signals  for  a 
velocity  of  -4.1mm/s. 

The  detected  signals  from  the  two  photodetectors  are  shown  in  Figure  2(a).  The 
quadrature  nature  of  the  two  signals  can  clearly  be  seeiL  Figure  2(b)  shows  the  FFT 
^ectrum  of  the  combination  of  these  signals.  The  sin^e  side-band  peak  at  a 
frequency  of  -3.7kHz  can  be  seen  corresponding  to  a  speed  of  -4.0  mm/s  in  Ae 
direction  away  from  the  fibre  probe.  The  oirection  of  rotation  of  the  disc  was  then 
reversed.  The  output  signals  and  the  associated  FFT  are  shown  in  figure  3.  Here 


Fimre3:  (a)  Detected  interference  signals  and  (b)  FFT  Spectrum  of  signals  for  a 
velocity  of  +  4.1min/s. 
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the  side-band  is  observed  at  +  3.7kHz  corresponding  to  the  same  speed  but  opposite 
direction. 

The  FFT  spectra  of  figure  4(a)  and  4(b)  correspond  to  velocities  of  +/-12.0  mm/s 
respectively  giving  a  measured  Doppler  frequency  of  +/-llkHz.  Here  a  true  single 
side-band  is  not  observed,  as  the  phase  diiference  was  not  maintained  at  precisely 
n  /2,  however,  from  the  asymmetnc  nature  of  the  spectra  it  is  possible  to  extract 
directional  information. 


Figure  4:  (a)  FFT  Spectrum  of  signals  for  velocity  of  + 12.0  mm/s  and  (b)  FFT 

Spectrum  of  signals  for  velocity  of  -12.0  mm/s. 

CONCLUSIONS 

A  system  has  been  assembled  for  measuring  the  Doppler  frequency  shift  of  light 
scattered  back  down  a  fibre  optic  probe  in  order  to  determine  velocity.  The  signal 
recovery  scheme  utilises  a  novel  adaptation  of  a  Michelson  interferometer  to  give 
two  output  signals  in  quadrature.  Simple  signal  processing  of  the  output  signals  then 
allows  oetermination  of  velocity  rather  then  speed,  in  a  system  which  uses  simple 
inexpensive  optical  components.  The  system  also  utilises  a  low  coherence  light 
source.  This  suppresses  unwanted  signals  and  allows  the  measurement  region  to  oe 
projected  ahead  of  the  Hbre  probe.  Current  work  is  examining  techniques  to  maintain 
the  n  H  phase  change  precisely,  and  testing  the  instrument  in  the  measurement  of 
fluid  flow  velocities. 
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P42  Dual  Aperture  Single  Mode  Optical  Fiber  Laser 

Doppler  Velocimeter 


M.  D.  Mermelstein*  and  J.  A.  Blodgett 
Naval  Research  Laboratory 
Washington,  D.C.  20375 

Single  mode  optical  fibers  and  graded  index  microlenses  have  recently  been  utilized  in  laser  light 
scattering  experiments.^  The  utilization  of  single  mode  optical  fiber  technology  offers  many  advantages 

over  conventional  bulk  optic  arrangements  including:  ease  in  alignment,  unity  heterodyne  efficiency, 
polarization  maintaining  capability,  high  angular  resokJtion  and  small  size.  A  dual  aperkjre  single  mode 
optical  fiber  heterodyne  technique  has  recently  been  denwnstrated  which  simultaneously  measures  the 

angular  orientation,  radial  velocity  and  angular  velocity  of  a  target  simulator.^  This  technique  was 
demonstrated  with  an  interferometer  that  utilized  the  exposed  cores  of  the  receiving  fibers  as  the 
apertures.  Presented  in  this  report  is  a  dual  aperture  heterodyne  interferometer  that  employs  pigtailed 
graded  index  microlenses  as  the  detection  apertures,  thereby  extending  the  range  and  angular  resolution 
of  the  laser  [Doppler  velocimeter  (LDV).  Although  the  velocimeter  presented  here  utilizes  microienses, 
the  results  are  applicable  to  lens  systems  of  greater  dimensions  which  are  suitably  coupled  to  the  single 
mode  fiber.  This  interferometer  may  be  useful  in  a  number  of  LDV  applications  including:  particle  flow 
measurements,  atmospheric  wind  sensing,  satellite  tracking,  laser  radar  and  robotic  positioning. 

The  experimental  arrangement  is  shown  below.  A40  mW  cw,  1 .06  pm  ,  diode  pumped,  single 
frequency  Nd:YAG  laser  is  used  as  the  primary  light  source.  Approximately  3.6  mW  of  the  laser  right  at 


Figure  l.  Experimental  arrangement.  Angular  motion  Ols  achieved  by  an  extension  or  the 
piezoelectric  stack.  Dimensions  are  not  drawn  to  scale. 

‘University  Research  Foundation,  Greenbelt.  MO  20770 
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a  frequency  cDq  is  injected  into  the  source  fiber  Several  turns  of  this  fiber  are  wrapped  around  a 
piezoelectric  cylinder  and  the  end  of  the  fiber  is  mounted  on  a  piezoelectric  stack.  The  cleaved  endface 
of  the  fiber  acts  as  a  source  or  target  simulator.  An  oscillating  voltage  at  Q,.  /  Itc^AO  Hz  is  applied  to  the 

piezoelectric  cylinder  which  generates  an  oscillating  phase  shift  in  the  radiated  light,  thereby  simulating 
radial  motion  of  amplitude  A  R^SO  nm.  Also,  an  oscillating  voltage  at  Q(/2n=5  Hz  is  applied  to  the 
piezoelectric  stack  which  generates  a  transverse  motion  y>0.25  mm  of  the  fiber  source.  Hence,  this 
arrangement  provides  a  simulation  of  light  radiated  from  a  source  executing  motion  in  two  orthogonal 
directions.  The  radiated  light  is  collected  by  two  microlenses  symmetrically  located  at  a  range  R  of  3.3  m 
and  separated  by  a  distance  0  of  2  cm.  The  microlenses  focus  the  light  onto  the  cores  of  the  single  mode 
fibers  which  carry  the  light  to  couplers  C2  and  C3.  A  local  oscillator  (l.o.)  beam  of  approximately  1 00  pW 
is  split  from  the  same  laser.  Its  frequency  is  shifted  by  two  successive  Bragg  cells  to  (Oq+A(o  where 
Ao)/2n=2i0  kHz.  This  l.o.  beam  is  divided  by  coupler  C1  and  combined  with  the  collected  light 
at  couplers  C2  and  C3.  LP.|  .|  mode  strippers,  consisting  of  loops  of  fiber  of  about  1  cm  in 
diameter,  are  utilized  in  each  collection  arm  to  insure  that  only  the  LPq  i  spatial  mode  is 
accepted  by  the  collection  optics.  A  second  laser,  at  1 .06  pm.  provides  an  alignment  beam  which 
is  injected  into  coupler  C4  and  renders  the  microienses  as  collimated  light  sources,  thereby 
facilitating  optical  alignment  and  verifying  the  spatial  mode  purity.  The  combined  light  beams 
are  mixed  at  the  photodiodes  to  generate  carriers  given  by: 


v,(t)-v^o(e)co8iA«t  +  <^j(t)l 

(la) 

V2(l)-V2jj(e)C08fA«Dt  +  «>2{t)I 

(1b) 

where  V.|q  20^^)  dependent  carrier  amplitudes.  e=y/R  is  the  source  angular 

orientation  and  are  the  phases  of  the  two  carriers  associated  with  the  source  fiber  motion. 
The  phases  are  found  from  an  elementary  analysis  and  are  given  by: 


♦j(0-l<olR-j*"®l  (2a) 

+  (2b) 


where  k^  «  ZkiXq  and  is  the  wavelength  of  light.  Equations  2a  and  2b  may  be  added  and 
subtracted  to  yield  phases  that  are  solely  dependent  upon  the  range  and  angle 

respectively.  The  radial  and  angular  velocities.  R  and  k,  are  given  by  the  phase  rates:  2  k^ 
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and  <i>_=kQ  D  0  in  the  limit  e«i.  The  heterodyne  carriers  are  demodulated  by  Hewlett  Packard 
8901 B  modulation  analyzers  which  utilize  a  phase-locked  loop  circuit  to  measure  the  frequency 
deviation  or  phase  rate.  Analog  voltages  from  both  modulation  analyzers  are  either  added  or 
subtracted  to  yield  voltages  proportional  to  the  radial  and  angular  velocities:  V+(  t ) » (Ti/2n)(i>+ 
where  t)=i.O  mV/Hz  is  a  frequency  deviation  to  voltage  conversion  coefficient. 

Shown  in  Figures  2a  and  2b  are  the  sum  and  difference  voltage  power  spectra.  The 
power  spectrum  demonstrates  the  radial  velocity  peak  of  -35.9  dBV  rms  at  40  Hz  while  the 
angular  velocity  peak,  at  5  Hz  is  suppressed  at  -59.5  dBV  rms.  The  V.  power  spectrum 
exhibits  a  prominent  peak  -39.3  dBV  rms  at  5  Hz.  corresponding  to  the  angular  velocity,  and  a 
suppressed  peak  of  -83.2  dBV  rms  at  40  Hz  for  the  radial  velocity.  Hence  the  angular  velocity 
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Fig.  2a  Fig. 2b 

and  radial  velocities  exhibit  suppressions  of  20.2  dB  and  47.3  dB  in  the  sum  and  difference 
voltage  power  spectra,  respectively.  These  rms  voltages  are  in  good  agreement  with  the 
expected  voltages  given  by:  [V^]  Xq=-39  dBV  rms  and  [V.  ]  ^n,g»T]DyQj/  2XqR*-33 

dBV  rms.  The  discrepancy  of  6  dB  between  the  measured  and  calculated  values  for  [V.  ]  is 
attributed  to  the  critical  alignment  required  for  the  transverse  measurement.  Note  that  the  V. 
power  spectrum  suppresses  noise  common  to  both  optical  receivers. 


The  far  field  radiation  pattern  associated  with  the  fundamental  mode  of  the  single  mode 
fiber  is  Gaussian.  This  Gaussian  beam  is  imaged  onto  the  core  of  the  pigtailed  single  mode  fiber 
by  the  microlens.  The  analysis  of  the  angle-dependent  coupling  efficiency  T(e)  of  optical  power 
into  the  fiber  core  is  similar  to  that  of  the  coupling  efficiency  between  two  parallel  and 

displaced  single  mode  fibers.  ^  Adaptation  of  this  latter  analysis  to  the  pigtailed  microlens 

yields  the  following  expression  for  the  coupling  efficiency:  T(y)=A  exp  [-(y  /  \yr]  where  A  is  a 
constant,  y  is  the  tilt  angle  between  the  optic  axes  of  the  launching  fiber  and  the  receiving  optics 
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and  y  is  the  angular  resolution  of  the  pigtailed  microlens  found  to  be  approximately  1 .0  mrad. 
An  error  signal  proportional  to  the  source  orientation  angle  may  be  generated  by  subtracting  the 
two  heterodyne  carrier  amplitudes.  Since  each  carrier  amplitude  is  proportional  to  VT,  the 
error  signal  f(e)  is  given  by: 

f(e) .  Va  {  exp  (-  ( 0+Y)2/2y2j  _  exp  (-  ( S-y  )2/2v2]  }  (3) 


FIgura  3.  Angular  orfantatlon  arror  aignai. 


where  y  -  D/2R  is  the  offset  angle  determined  by 
the  range  and  receiver  separation.  A  Taylor 
series  expansion  about  e  demonstrates  the  linear 
portion  of  the  error  signal  given  by:  1(6) « 

{2VA(Y/y^)  exp[-Y^/2y^]}  0.  Shown  in  Figure  3  is 
a  plot  of  the  differential  carrier  amplitude  as  a 
function  of  source  transverse  displacement. 

The  broken  line  is  a  non-linear  least  squares  fit  of 
the  data  to  a  third  order  polynomial  trial  function. 
The  fitting  parameters  indicate  error  signal 
sensitivities  of  0.36  V/mm  for  the  displacement 
and  1.2  V/mrad  for  the  angular  displacement. 


In  conclusion,  a  single  mode  optical  fiber  laser  Doppler  velocimeter  has  been  presented 
which  utilizes  two  graded  index  microlenses  as  the  receiving  apertures.  This  dual  aperture 
heterodyne  interferometer  simultaneously  measures  the  radial  and  angular  velocities  of  a 
remote  source  and  provides  an  error  signal  suitable  for  angular  tracking. 
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Recent  Advances  In  Fiber  Optic  Distributed  Sensing  Systems 

A.  H.  HARTOa 
York  Sensors  Ltd 
York  House.  School  Lane 
Chandler *s  Ford,  S05  3DG  UK 


Abstract:  The  development  of  the  technolosy  of  distributed 
optical  fiber  sensors  Is  reviewed,  with  particular  emphasis  on 
those  sensors  which  have  found  Implementation  Into  usable 
devices.  Applications  and  field  trials  are  also  discussed. 


1.  Introduction 

It  Is  now  ten  years  since  the  concept  of  a  distributed  fiber 
optic  sensor  was  proposed.  Apart  from  a  few  experiments,  little 
procress  was  made  In  the  followlnc  years  until  I9&ft-5i  with  the 
development  of  the  Raman  distributed  temperature  sensors. 
Although  such  sensor  systems  are  now  Installed  In  a  number  of 
locations,  the  concept  Is  still  only  beclnnlns  to  be  accepted 
amonsst  users  and  much  Is  still  to  learned  as  to  how  to  apply  the 
technolosy.  There  Is  considerable  Interest  In  uslnc  similar 
concepts  for  other  measurands,  but  so  far  no  Instruments  have 
become  available.  In  this  paper,  the  technlaues  of  most  Interest 
are  reviewed,  followed  by  some  examples  of  practical 

applications. 

2.  Distributed  sensor  technology 

The  concept  of  distributed  optical  fiber  sensors  was  based 
Initially  on  optical  time-domain  reflectometry [1] ,  the  measurand- 
sensltlvlty  belns  achieved  either  throueh  alteration  of  the  state 
of  polarisation  of  the  scatter  return  In  a  slncle-mode 

fiber [2, 3],  or  throueh  modulation  of  the  backscatter  Intensity. 
In  all  cases,  the  Information  as  to  the  location  alone  the  fiber 
was  obtained  from  the  time  flleht  of  the  probe  pulse. 

The  polarisation  approached  was  explored  Initially,  and  the 
detection  of  bend-induced  blref rlneence  and  of  Faraday  rotation 
were  both  demonstrated  [3.4].  POTDR  went  Into  obscurity  owlne  to 
the  twin  problems  of  the  sensitivity  of  the  state  of  polarisation 
(SOP)  In  standard  slnsle-mode  fibers  to  almost  any  external 
Influence  and  the  very  real  measurement  and  computational 
difficulties  Involved  In  determlnlns  the  evolution  of  the  SOP  In 
the  first  place.  Moreover,  once  the  SOP  has  been  determined,  the 
result  must  be  differentiated  to  quantify  the  measurand,  a 
procedure  which  demands  a  very  hitch  slfcnal-to-nclse  ratio  on  the 
unprocessed  data.  Recently,  however,  Ferdinand  [5]  has  reported 
protCPOSB  In  this  technique,  Includlne  automated  measurement 
equipment  and  data  reduction.  Results  on  the  measurement,  for 
example,  of  side-pressure  were  reported.  Another  option  Is  to  use 
polarlsatlon-malntalnlns  fiber,  which  dramatically  simplifies  the 
data  analysis,  at  the  price  of  a  modulation  slsnal  now  In  the 
microwave  reslon. 
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As  to  approaches  Involving  Intensity  modulation  of  the 
backscatter  slsnal,  they  may  broadly  be  divided  between  those 
Involvlns  chanslng  the  total  attenuation  of  the  fiber  and 
modulatlns  only  the  scatter  coefficient. 

The  latter  approach  Is  clearly  more  efficient,  since  a  hlch 
sensitivity  does  not  necessarily  Involve  Inducing  a  hleh  loss  In 
the  flber[6].  The  technique  which,  to  date,  has  seen  the  cz^eatest 
pratlcal  application  Is  that  of  Raman  thermometry,  where  the 
scatter  return  Is  optically  filtered  to  select  bands  well 
separated  from  the  Incident  wavelensth  and  which  are  present 
owlns  to  the  phenomenon  of  the  spontaneous  Raman  scatterlns 
[7t8]>  This  approach  has  the  benefit  of  uslns  standard 

telecommunlcatlons-crade  optical  fibers  without  modification. 
However,  the  slsnal  Is  extremely  weak  which  has  resulted  In  the 
development  of  hlsh-performance  multi-channel  averaser  (In  order 
efficiently  to  Improve  the  slsnal-to-nolse  ratio)  and  In  the  use 
of  advanced  laser  sources  (e.s<  diode-pumped  solid-state  lasers). 

When  the  first  distributed  temperature  sensor  was 
demonstrated  [6]  (In  the  laboratory  and  uslns  Raylelsh  scatterlns 
In  liquid-core  fibers),  a  performance  of  Im  spatial  resolution 
over  100m  of  fiber  was  projected.  Chanslns  to  the  Raman 
scatterlns  approach  resulted  In  slsnal  levels  some  b  orders  of 
masnltude  weaker  and  It  has  taken  almost  ten  years  of 
technoloslcAl  development  to  recover  the  lost  sz^ound.  with  as 
added  bonus,  a  ranse  now  coverlns  10km  (l.e.  a  typical 

measurement  capability  of  10  000  points  for  each  fiber  connected 
to  the  Instrument).  This  Is  the  tarset  at  which  much  of  the 
development  effort  has  recently  been  directed.  In  addition, 

several  research  sz»oups  have  focussed  on  achlevlns  ultra-hlsh 
spatial  resolution  with  the  aid  of  time-correlated  slnsle  photon 
countlns.  In  the  latter  approach,  the  level  of  the  llsht  Is 

reduced  until  separate  photons  can  be  detected  and  the  time  of 
arrival  of  each  Is  accurately  determined  [9l • 

Effects  Involvlns  chances  In  the  fiber  attenuation  with 
temperature,  for  example  uslnc  rare-earth  dopants,  have  been 
demonstrated  [10] ,  but  these  present  slenlf leant  performance 

dlsadvantaces  compared  with  the  Raman  approach  and  no  real 
advantases.  The  technique  may  well  come  Into  Its  own.  however  for 
other  types  of  measurand:  for  example  as  a  means  of  perfoznnlnc 
distributed  (or  at  least  multipoint)  cas  detection  uslns 
evanescent  fields.  Equally,  mlcro-bendlns  losses  can  be  Induced 
by  a  variety  of  external  fields,  and.  If  applied  with  adequate 
control,  can  provide  access  to  a  number  of  additional  measurands. 

One  of  the  areas  In  distributed  senslnc  where  research  Is 
still  at  an  early  stase  Is  concerned  with  non-linear 
Interactions:  for  example  between  a  CW  beam  and  a  counter- 
propasatlns  probe  pulse.  The  ranslnc  Is  achieved  In  the  same  way 
as  In  standard  backscatterlns.  but  the  quantity  now  measured  Is 
the  sain  of  the  non-linear  Interaction.  This  approach  has  been 
applied  to  the  measurement  of  strain  uslns  stimulated  Brlllouln 
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scatterlns  [11]«  in  this  case,  the  saln/f requency  spectrum  Is 
explored  as  a  function  of  distance  alons  the  fiber,  by  tunlns  the 
frequency  difference  between  the  two  Interact Ins  lasers.  The 
strain  Is  then  evaluated  from  a  previous  calibration  of  Brlllouln 
caln  spectrum  vs  fiber  strain.  Other  proposals  have  explored 
stimulated  Raman  scatterlns  and  Its  polarisation  dependence [12] , 
or  the  optical  Kerr  effect [13]- 

Finally,  distance  resolution  may  also  be  achieved  In  the 
forward  scatterlns  reslne,  provided  that  the  senslns  process 
Involves  coupllns  power  between  at  least  two  modes  havlns 
sufficiently  different  propas&t;lon  velocities.  In  this  case[lft], 
the  measurement  Is  one  of  power  coupllns  coefficient  vs  distance. 
The  requirement  on  time  resolution  Is  naturally  orders  of 
masnltude  more  strlnsent  than  In  the  case  of  a  reflective  method 
(a  few  ps  vs  tens  of  ns):  however,  coherent  detection  methods,  by 
beatlns  the  coupled  and  not-coupled  beams  tosether.  allow  some  of 
the  resolution  penalty  to  be  recovered. 

The  methods  now  belns  explored  will  require  new  optical 
components  -certainly  sources  with  controlled  spectra  possibly 
combined  with  short  pulse,  hlsh-power  operation.  There  will  also 
be  a  demand  for  special  fibers,  e.s*  with  special  dopants, 
polarisation  properties  or  or  compositions  especially  suited  to 
the  type  of  Interaction  belns  used. 

3.  Applications. 

Given  the  availability  of  instrumentation.  It  Is  not 
surprlslns  that  distributed  temperature  senslns  has  seen  the 
larssst  ranss  of  applications.  One  of  the  drlvlns  forces  behind 
the  development  of  the  technolosy  was  the  requirement  to  monitor 
hlsh-power  transformers  for  hot-spots  and  a  number  of 
Installations  of  this  type  are  now  underway.  The  power  supply 
Industry  has  also  used  the  technolosy  For  the  monltorlns  of  power 
cables:  asaln  the  small  size,  dielectric  nature  of  the  sensor, 
tosether  with  Its  ability  to  work  amonsst  very  hlsh  levels  of 
electrical  Interference  has  made  It  a  loslcal  candidate. 

In  other  areas  where  applications  development  Is  prosx'esslns 
well.  It  Is  simply  the  larse  number  of  points  sensed  by  these 
systems  which  Is  attractive:  very  low  (a  few  $  per  point) 
Instrumentation  and  Installation  costs  per  sensed  point  may  be 
achieved,  provided  there  Is  a  senulne  requirement  for  a  larse 
number  of  sensors.  Examples  In  this  catesory  Include  the 
monltorlns  of  e.s.  road  tunnels  as  an  early  Indication  of  fire, 
the  monltorlns  of  larse  process  plant  (e.s.  drylns  ovens),  of 
pipelines  or  of  other  larse  structures  such  as  ships. 

The  requirement  for  other  types  of  measurement  Is  claimed  to 
be  dust  as  sreat.  For  example,  most  larse  civil  enslneerlns 
structures  require  monltorlns  for  strain  over  much  of  their  area. 
In  practice,  the  measurement  of  strain  has  only  been  shown  on 
telecommunications  cables  to  date.  However.  the  present 
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considerable  research  activity  In  the  "smart  structures"  field  Is 
likely  to  broaden  the  applications  experience  In  the  comlns  fsw 
years.  A  distributed  Isostatlc  pressure  sensor  Is  required  for 
the  monltorlne  of  fluid  distribution  networks  -  e.s.  In  the  sas 
Industry.  There  Is  also  a  clear  need  for  a  distributed  css 
senslnc  technolocy  -e.c*  In  the  css  Industry,  but  more  csnerally 
In  the  field  of  environmental  monltorlnc* 

A.  Conclusions 


In  the  first  ten  years  of  distributed  fiber-optic  senslnc. 
one  technique  -  the  Raman  temperature  sensor  -  has  reached  an 
advanced  stacs  of  development  and  the  beclnnlnc  of  commercial 
exploitation.  Research  Into  other  measurement  techniques  and 
other  measurands  Is  active  and  It  Is  expected  that.  In  time,  the 
measurement.  Inter  alia,  of  strain,  pressure  and  chemicals  will 
be  achievable  routinely.  Each  new  measurement.  In  addition  to  the 
development  of  the  basic  senslnc  technolocy  requires  slcnlflcant 
applications  expertise  e.c*-  In  the  fiber  Installation  to  ensure 
accurate  measurement  and  In  the  use  and  Interpretation  of  the 
results. 
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The  Optical  Kerr  Effect 

V.  A.  Handerek,  A.  J.  Rogeir  and  L  CokgOT 

Department  of  Electitxiic  and  Electrical  Engineoing  Jong's  College  Lmdra 
Strand,  London  WC2R  2LS,  United  King^m 

ABSTOACT 

The  optical  Kerr  effect  is  used  to  determine  die  locadmis  of  discrete  mode  coupling  points  in  a 
polarization  maintaining  fibre.  Differentiatkin  of  die  received  signal  is  denxxistrat^  to  reduce 
confusion  from  interactions  between  coupling  points. 

INTRODUCTION 

The  degree  of  mode  coupling  experienced  by  light  propagating  in  an  optical  fibre  can  be 
influenced  by  the  environment  of  the  fibre,  ms  offers  the  possibility  of  using  mode 
conversion  as  a  sensing  mechanism.  This  approach  to  optical  fibre  sensing  is  attractive  when 
distributed  sensors  are  needed  because  the  modal  properties  of  the  fibre  are  normally  relatively 
independent  of  position  along  the  fibre  and  provide  a  means  of  allowing  the  envirmiment  to 
afiect  the  optical  signal  without  going  to  the  trouble  of  assembling  many  discrete  transducers 
along  the  optical  padi. 

One  particularly  appealing  way  to  implement  a  mode  conversion  sensor  is  to  use  the 
orthogonally  polariz^  eigenmodes  of  a  polarization  maintaining  fibre.  This  is  because  the 
modes  are  easily  excited  tuid  detected  separately  and  many  coupling  mechanisms  are  relatively 
amenable  to  calculation.  In  particular,  if  the  measurand  is  a  vector  quantity,  (e.g.  force/strain) 
then  it  will,  if  acting  at  an  angle  to  the  birefringence  axes,  rotate  the  axes  to  some  extent  and 
cause  coupling  of  li^t  fiom  (me  linear  eigenmode  to  the  other. 

The  spatial  variation  of  polarization  iixxle  coupling  in  a  polarization  maintaining  fibre  can  be 
measured  by  various  methods.  Polarization  optic^  time  domain  reflectometp'  (1,2)  is  one 
possible  technique.  Here,  linearly  polarized  light  is  launched  into  one  eigenimxle  of  a 
polarization  maintaining  fibre  and  the  returning  backscattered  signal  is  monitored  fix’  the 
orthogonal  polarization.  The  signal  will  clearly  be  small  unless  nwde  coupling  cmcurs,  and 
changes  in  the  level  of  this  signal  can  be  relat^  to  Itmations  along  the  fibre  through  use  of 
elap^  time  after  launching  in  the  usual  way.  Hie  drawback  of  this  approach  for  sensing 
dynamic  systems  is  that,  in  common  with  all  optical  fibre  systems  based  on  Rayleigh 
backscatter,  the  launched  optical  power  is  used  very  inefficiently,  with  only  a  very  sm^ 
fiaction  of  the  power  ever  contributing  to  the  detected  signal.  Thus  signal  to  noise  ratios  are 
normally  low  and  integration  times  are  long,  leading  to  slow  response  to  any  changes  in  a 
measurand. 

Alternative  approaches  which  make  more  efficient  use  of  the  launched  power  have  been 
demonstrated.  These  methcxls  have  been  based  on  differential  m(xle  delay  which  (mcurs 
between  the  coupling  point  and  the  ou^ut  end  of  the  fibre.  The  differential  delay  increases 
linearly  from  zero  as  the  coupling  point  is  moved  fix>m  the  output  end  toward  die  launched  end 
of  the  fibre.  Early  work  (3,4)  employed  fiequency  swept  sources  and  homodyne  processing  to 
produce  beat  frequencies  (lependent  upon  the  mode  coupling  locations.  These  efforts  suffned 
from  signal  beating  problems  in  the  case  of  strcxig  coupling  and  multiple  coupling  points,  and 
also  from  poor  linearity  of  the  source  frequency  sweep.  More  recently,  the  (iifferential  mcxie 
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delay  has  been  measured  much  more  accurately  by  coherence  domain  methods  (5-7).  In  this 
case,  crosstalk  is  reduced  and  delay  measurements  are  more  accurate,  but  the  system  response 
is  still  relatively  slow. 

In  the  present  paper,  we  demonstrate  a  new  method  for  determining  the  locations  of  discrete 
iiKxle  coupling  points  spaced  along  a  polarization  maintaining  fibre  using  a  pump-probe 
architecture  based  on  the  optical  Kerr  effect.  The  resulting  system  provides  good  spatial 
accuracy  and  fast  response  speed  and  may  be  valuable  for  use  in  applications  such  as  intrusion 
sensing  or  real-time  location  of  tracked  vehicles. 

SYSTEM  PRINCIPLES 

The  optical  arrangement  employs  a  length  of  polarization  maintaining  fibre  carrying  two 
counter-propagating  beams.  A  CW  probe  beam  is  launched  from  one  end  of  the  fibre  so  as  to 
equally  excite  the  two  eigenmodes  and  the  polarization  state  of  this  beam  is  detected  at  the  far 
end  of  the  fibre  by  means  of  a  beamsplitter  and  analyser  oriented  at  forty-five  degrees  to  the 
birefringence  axes.  An  intense,  pulsed,  pump  beam  is  also  launched  through  the  beunsplitter  at 
this  end  of  the  fibre  so  as  to  propagate  against  the  direction  of  the  probe.  This  pump  beam  is 
launched  on  one  of  the  birefringence  axes.  This  arrangement  is  similar  to  the  well-known  Kerr- 
effect  shutter  system  (Ref  8). 

As  in  the  Kerr  shutter,  the  pump  pulse  causes  a  phase  shift  between  the  eigenmodes  of  the 
probe  beam,  leading  to  a  change  in  the  output  polarization  state  of  the  probe,  '^is  is  detected  as 
a  sharp  change  in  the  probe  intensity  passra  by  the  analyser  when  the  pump  is  initially 
launched  into  the  fibre. 

If,  now,  a  for:e  acts  at  an  angle  to  the  axes  alcmg  a  section  of  fibre,  coupling  of  the  pump  light 
to  the  other  axis  will  occur,  and  the  Kerr  effect  on  the  probe  will  thus  be  incxlified.  The  probe 
light  itself  will  also  experience  mode  coupling,  which  will  further  modify  the  output 
polarization  state.  The  actual  change  which  occurs  will  depend,  inter  alia,  on  the  states  of 
polarization  of  the  beams  as  they  enter  the  perturbed  region  and  thus,  unless  the  birefringence 
perturbation  is  very  small  compared  with  the  intrinsic  birefringence,  there  will  exist  a  mutual 
dependence  of  effects  from  different  measurement  locations,  which  tmly  fairly  ccxnplex  signal 
processing  would  be  able  to  resolve.  However,  it  is  clear  diat  for  any  change  in  the  direction 
of  birefringence  axes  ctxisequent  upon  the  pemirbation  by  a  measurand,  there  will,  in  general, 
result  a  change  in  optical  Kerr  effect.  A  differentiated  signal  thus  will,  at  least,  indicate 
differential  features  of  the  measurand  distribution,  even  though  a  fully  quantifi^  spatial 
distribution  is  more  elusive. 


EXPERIMENT 

The  ribre  used  in  the  experiments  was  a  mono-mode  high-birefringence  ribre  manufactured  by 
Andrew  Corporation  with  a  diameter  of  67pm,  attenuation  of  35dB/km  at  633nm  and  core  to 

cladding  refractive  index  difference  An  =  0.032.  The  length  of  the  fibre  was  about  100m.  The 
arrangement  of  the  experiment  is  shown  in  Fig  1.  Pump  pulses  (617nm)  of  8ns  (FWHM) 
duration  were  generated  in  a  dye  laser  with  a  repetition  rate  of  SO  Hz.  These  pump  pulses  were 
launched  onto  one  of  the  bire^ngence  axes  of  the  fibre  with  the  help  of  a  halfwave  plate  and 
with  a  peak  power  of  3W  measur^  at  the  output  end  of  the  fibre.  The  linearly  polari:^  probe 
beam  of  wavelength  633  nm,  from  a  He-Ne  laser,  was  launched  into  the  fibre  at  45®  to  the 
birefringence  axes.  On  emergence,  the  probe  beam  was  directed  by  a  beam  splitter  to  the 

detector  via  the  polarization  analyser.  Its  average  power  at  the  detects  was  about  25pW.  The 
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Figs  (3a)  and  (3b)  show,  respectively,  the  fluctuating  analyser  signal  when  the  fibre  was 
perturbed  at  two  points,  and  its  differential  with  respect  to  distance.  The  points  at  which  the 
weights  were  applied  are  clearly  evident  Such  a  system,  even  as  it  stands,  could  be  used  as  an 
intr^er  alarm  or  as  an  indication  of  anomalous  disturbance  of  almost  any  kind. 

CONCLUSIONS 

We  have  demonstrated  the  use  of  the  optical  Kerr  effect  to  determine  the  locations  of  discrete 
trxxle  coupling  points  spaced  along  a  polarization  maintaining  fibre.  Differentiation  of  the 
received  signal  with  respect  to  time  provides  a  simple  way  to  reduce  confusing  interactions 
when  multiple  coupling  points  are  present  Further  work  on  this  method  is  continuing  with  a 
view  to  developing  practical  real  time  processing  and  tiieoretical  analysis  of  the  potentMties  of 
die  technique. 
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Abstract 

A  transducer  continuum  is  integrated  to  the  fiber  coating  by  means  of  a 
sequence  of  on-line  sputtering,  electro-plating,  photolithography  and 
periodical  etching  processes.  Applications  to  the  distributed  sensing  of 
temperature,  strain  and  pressure  are  reported. 

1.  INTRODDCnOW 

The  present  paper  describes  a  technology  whereby  the  organic  coating  of 
standard  fibers  is  overcoated  by  a  thin  metal  single-  or  multilayer.  This 
non-org£mic  overcoating  can  serve  several  purposes  in  the  field  of  distri¬ 
buted  sensors.  First,  it  can  be  the  stable  and  well  defined  interface  bet¬ 
ween  the  sensing  fiber  and  a  monitored  medium  as  in  composite  materials  and 
skins  (1)  as  well  as  in  concrete  structures.  Second,  this  overcoating  can 
be  given  the  additional  function  of  a  continuum  of  transducers  after  it  has 
been  periodically  patterned  so  as  to  induce  microbending  at  a  prescribed 
spatial  frequency  under  the  action  of  a  selected  measurand  (2).  Amongst  the 
possible  applications  of  this  transducer  configuration,  temperature,  pres¬ 
sure  and  elongation  will  be  demonstrated. 

2.  THE  TRANSDOCIWG  MBCHARISM 

The  continuous  microbending  transducer  results  from  the  periodical  pertur¬ 
bation  of  the  circular  cylindrical  symmetry  of  the  metal  overcoating.  The 
field  of  any  physical  and  chemical  quantity  along  the  fiber  C2ui  be  detec¬ 
ted,  provided  it  can  translate  into  a  stress  field  distributed  within  the 
bimorphous  coated  fiber  line.  The  spatial  frequency  of  the  microbending 
depends  on  the  mode  coupling  effect  that  one  wants  to  use.  Since  it  amounts 
to  a  flexion  of  the  fiber  rod,  its  spatial  period  A  is  down-limited  to  a 
few  fiber  00s.  This  means  that  forward  mode  coupling  only  can  be  expected. 

In  the  case  of  graded  index  multimode  communication  fiber,  the  coupling 
takes  place  between  the  groups  of  the  almost  degenerate  fiber  modes  and 
ends  up  with  a  local  or  semi-local  loss  of  power.  The  typical  microbend 
period  in  this  case  is  A  s  1.3  mm.  OTDR  is  the  preferred  read-out  technique 
allowing  the  spatially  resolved  monitoring  of  a  mesurand  field.  Similar 
coupling  to  radiation  modes  can  also  be  achieved  with  single-mode  fibers  if 
A  is  adjusted  so  as  to  couple  the  guided  mode  to  a  leaky  mode  (3). 

In  the  case  of  a  dual-mode  fiber  (high  birefringence  fiber  (4)  or  dual  LP 
mode  fiber  (5)),  the  coupling  takes  place  between  two  well  guided  modes. 
This  scheme  is  therefore  low  loss.  High  dynamic  range  and  short  response 
time  can  be  expected  with  a  transit  time  spatial  demultiplexing  read-out 
technique  (6).  The  spatial  period  in  the  LPj^^-LPox  case  is  of  the  order  of 
0.5  mm  (5). 

3.  THE  TRANSDUCER  TECHNOLOGY 

The  transducer  continuum  is  realized  by  on-line  processes.  The  fiber  is  any 
coated  fiber  available  on  the  market.  A  first  contact  layer  is  deposited  by 
sputtering.  It  is  a  copper  or  aluminum  film  of  200  nm  thickness.  The  sput- 
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tering  machine  performs  an  on-line  coating.  It  is  equipped  with  two  feed¬ 
throughs  which  allow  the  processing  of  the  fiber  at  the  speed  of  2  meters/ 
min.  Two  opposite  targets  give  the  coating  a  good  uniformity. 

The  fiber  with  its  anchorage  metal  coating  is  then  installed  in  a  low  trac¬ 
tion  force  on-line  electroplating  machine  where  the  metal  thickness  is  aug¬ 
mented  to  a  few  microns.  The  final  thickness  is  decided  by  the  desired  sen¬ 
sitivity.  The  type  of  metal(s)  depends  on  the  measurand  (e.g.  palladium  for 
Hj  detection)  and  also  results  from  considerations  on  the  built-in  residual 
stress  within  the  bimorphous  line. 

Finally,  if  required,  the  metallized  fiber  undergoes  the  on-line  periodic 
structuring:  photoresist  dip-coating,  prebaking,  driving  by  a  drum  with  a 
UV  lamp  inside  and  a  periodic  mask  on  its  periphery,  resist  development, 
rinsing  and  final  metal  etching.  The  spatial  frequency  of  the  mask  is 
slightly  chirped  so  as  to  accommodate  possible  variations  of  the  fiber 
characteristics. 

4.  SENSOR  APPLICATICMIS 

The  demonstrations  hereafter  have  been  achieved  with  50/125  graded  index 
fibers.  A  polyimide  protective  coating  was  chosen  for  possible  medium 
temperature  applications  euid  also  because  it  is  thin  enough  to  limit 
creeping  effects. 

a)  Temperature  Sensing 

The  temperature  dependence  of  the  losses  of  a  20  meter  long  fiber  is 
represented  in  figure  2  for  a  8  ym  thick  copper  coating.  The  sensitivity  is 
very  high;  0.08  dB  per  10  meters  per  at  a  value  of  1  dB  per  10  meters 
at  an  arbitrary  BO^C  temperature  threshold.  The  various  curves  of  figure  2 
represent  a  large  number  of  thermal  cycles.  The  reproducibility  is  remark¬ 
ably  good  if  one  keeps  in  mind  the  existence  of  the  organic  coating.  This 
means  that  such  scheme  could  practically  be  used  in  a  distributed  fire 
alarm  system  provided  the  excess  loss  at  ambiant  temperature  can  be  made 
negligible.  This  is  not  the  case  in  Fig.  2  but  it  is  indeed  what  can  be 
achieved  by  adjusting  the  metal  growth  conditions. 

b)  Elongation  Sensor 

The  very  same  transducer  configuration  can  be  used  as  a  strain  sensor.  When 
the  fiber  experiences  an  elongation,  the  neutral  line  tends  to  remain  rec¬ 
tilinear  which  causes  the  perturbed  bimorphous  fiber  line  to  undulate  at 
the  prescribed  period.  Figure  3  illustrates  the  results  corresponding  to  a 
nickel  coated  fiber  submitted  to  a  traction  force  up  to  3  Newton.  Curves  a 
and  b  are  for  a  nickel  thickness  of  1  and  2  ym  respectively. 

c)  Pressure  Sensor 

The  same  structure  with  the  etched  notches  of  the  metal  coating  filled  by 
another  material  of  different  hardness  can  be  made  pressure  sensitive.  Such 
scheme  can  only  be  thought  of  for  large  pressure.  Figure  4  illustrates  the 
pressure  dependence  of  the  transmission  of  a  20  m  long  fiber  coated  with  an 
etched  nickel  film  of  4  ym  thickness  which  was  in  turn  coated  by  a  Dow  Cor¬ 
ning  184  resin.  The  fiber  was  submitted  to  a  sequence  of  two  pressure 
values,  4.5  bar  and  atmospheric  pressure.  From  figure  4  one  retrieves  a 
typical  sensitivity  of  -0.054  dB/m/bar,  assuming  a  linear  dependence. 
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Fig.  1  Fiber  with  aultimorph  structure. 


Fig.  2  Attenuation  in  function  of 

teaperature  for  mltiple  cycles. 


Fig.  3  Attenuation  in  function  of 
elongation  force  for: 
a  -  Nickel  thickness  1  micron 


Fig.  4  Output  signal  for  a  sequence  of 
two  pressure  values,  ambient  and 
4.5  bar. 


b  -  Nickel  thickness  2  microns. 
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f>.  DISCUSSION 

The  general  tea  lures  ot  the  desrribed  transducer  technology  can  be 

summarized  as  follows: 

1.  This  technology  is  basically  cheap  since  on-line  processus  exist  for 
all  steps  of  the  fabrication. 

2.  It  uses  standard  fibers  with  their  original  protective  coating. 

3.  The  non-organic  coating  can  be  prepared  as  an  interface  having  the 
desired  properties  with  a  host  medium. 

4.  It  can  be  best  used  in  distributed  ON-OFF  and  low  accuracy  sensors. 

5.  Its  sensitivity  can  be  easily  adapted  to  a  variety  of  sensor  schemes: 
discrete  and  local,  integrating  semi-local  and  distributed  sensors. 

6.  As  compared  with  its  hybrid  counterpart  in  applications  b)  and  c),  the 
helical  wired  fiber  (7),  the  present  configuration  shows  non-zero  sen¬ 
sitivity  as  from  the  lower  values  of  the  measurand  range  (figure  2). 

7.  Cross-sensitivity  can  be  reduced  by  the  selection  of  the  metal  (e.g.  an 
etched  Sn  coating  exhibits  lo\  temperature  dependence). 
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Abstract 

A  high  resolution  optical  Hbre  distributed  temperature  system  using  Raman  backscatt^  and  photon  counting  is 
presented.  A  spatial  resolution  of  10  cm  with  +/-5°C  temperature  resolution  was  obtained. 

Introduction 


Over  the  past  few  years  there  has  been  an  increasing  interest  in  measuring  the  temperature  over  an  entire  length 
of  optical  fibre,  creating  the  so-called  distributed  temperature  system,  or  DTS.  Many  techniques  have  been 
proposed''^,  however  all  suffer  from  either  limited  spatial  or  temperature  resolution.  The  most  common  form 
of  DTS  utilises  the  temperature  dependence  of  the  anti-St(Aes  component  of  the  backscattered  light  Such 
systems  use  either  the  Stokes  -  anti-Stokes  ratio^  or  double  ended  measurements^  to  obtain  the  required 
accuracy.  The  spatial  resolution  of  such  systems  has  been  slowly  improved  from  around  7.5  metres'  to  1  metre 
(York  DTS80).  However  there  is  a  requirement  for  a  DTS  with  an  order  of  magnitude  improvement  in  spatial 
resolution  to  around  10  cm  over  a  fibre  length  of  several  hundred  metres,  with  a  temperature  resolution  of  1°C. 
Distributed  temperature  sensing  systems  developed  in  the  past  have  had  either  high  spatial  or  high  temperature 
resolution,  but  not  both  in  the  one  instrument.  For  example  Stierlin  et  al  in  1987  developed  a  DTS  with  a  spatial 
resolution  of  10cm  and  a  temperature  resolution  of  4*^0*.  whilst  most  other  systems  compromise  the  spatial 
resolution  to  allow  a  1°C  temperature  resoludon. 

As  a  first  step  towards  this,  we  present  here  a  DTS  system  based  on  the  Stokes  -  ami-Stokes  ratio  with  a  spatial 
resolution  of  better  than  10  cm  and  a  measurement  accuracy  of  5°C.  The  system  uses  gated  photon  counting 
techniques  and  single  mode  fibre  to  obtain  the  required  performance,  and  should  be  capable  of  1°C  resolution 
with  further  optimisation. 


Experiment 

The  experimental  system  is  shown  in  Figure  1.  The  laser  source  was  a  mode  locked  Nd-YAG  laser  with  a  pulse 
width  of  2(X)ps  FWHM  at  a  repetition  frequency  of  lOOMHz.  The  output  was  frequency  doubled  to  produce 
S32nm  pulses  with  a  width  of  57ps  FWHM  to  match  the  response  of  the  detector  and  to  increase  the  Raman 
scattering*.  The  Raman  backscattered  light  from  the  single  mode  sense  fibre  was  directed  by  the  coupler  to  a 
monocivomator  filter  system  to  separate  the  anti-Stokes  component  which  was  then  incident  onto  a 
photomultiplier  (PMT).  The  rise  time  of  the  PMT  was  approximately  3(X)ps  when  operated  in  the  photon 
counting  mode. 

The  output  from  the  PMT  was  time-correlated  and  stored  in  a  4096  channel  multichannel  analyser  with  each 
channel  representing  approximately  2.5ps.  During  a  series  of  laser  pulses  the  data  collected  formed  on  intensity 
distribution  of  the  backscattered  light  (either  anti-Stokes  or  Stokes)  as  a  function  of  distance  along  the  sense 
fibre.  Once  the  data  collection  was  completed  it  was  downloaded  to  a  personal  computer  for  analysis  and  display 
of  the  computed  temperature.  To  translate  the  very  high  spatial  resolution  in  the  experiment  to  the  5cm  resolution 
envisaged  in  the  prototype  system,  the  experimental  data  was  smoothed  by  performing  a  running  average  over 
2(X}  data  points  for  the  entire  temperature  trace.  The  resulting  processed  data  now  represents  data  taken  at  5cm 
intervals. 

The  use  of  single  mode  fibre  reduced  the  effect  of  dispersion  on  laser  pulse  broadening  and  backscattered  photon 
arrival  time  spread.  This  was  of  particular  importance  due  to  the  narrow  laser  pulse  and  desired  timing/spatial 
resolution  of  the  system. 

The  integration  time  required  for  a  given  temperature  resolution  is  determined  by  the  speed  of  the  processing 
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electronics  and  the  short  term  laser  stability.  The  timing  electronics  was  triggered  from  a  PIN  photodiode  placed 
at  the  end  of  the  90cm  long  sense  fibre.  The  processing  electronics  had  a  10  microsecond  timing  overheadAeset 
time  which  limited  the  data  throughput  and  consequently  an  integration  time  of  6  minutes  was  used,  giving  a 
calculated  signal  to  noise  ration  of  18dB  and.  hence,  an  expected  temperature  resolution  of  6'*C.  Due  to  this  high 
timing  overbead.  the  Raman  signal  was  collected  from  both  output  arms  of  the  coupler,  as  shown  in  Figure  1. 
In  a  system  with  improved  electronics  only  one  sense  fibre  will  be  required,  with  the  trigger  signal  being  taken 
from  the  other  output  arm  of  the  coupler. 


Results 


The  temperature  and  spatial  resolution  of  the  system  was  tested  by  constructing  two  wire  wound  heaters,  each 
lOcm  long  by  lOmm  diameter.  The  sense  Hbres  were  placed  axially  through  the  silica  heater  tubes.  Data  was 
taken  with  the  two  heaters  separated  by  14cm  with  measured  centre  temperatures  of  bS^C  in  one  and  85°C  in 
the  other.  The  time  taken  between  data  and  normalisation  traces  was  about  10  minutes,  reducing  the  chances  of 
laser  or  timing  changes,  and  shows  the  measured  temperature  resolution  was  approximately  +/-  5°C  for  an 
integration  time  of  6  minutes.  The  resulting  temperature  trace  is  shown  in  Figure  2. 

The  spatial  resolution  is  defined  as  the  spatial  separation  of  the  10%  and  90%  points  on  a  given  temperature  step. 
A  20cm  long  wire  wound  heater  heated  the  fibre  to  80°C  with  a  centre-line  temperature  profile  measured  by  a 
type  K  thermocouple.  The  measured  spatial  resolution  was  less  than  10  cm. 


Discussion 


The  results  clearly  show  that  a  distributed  temperature  sensor  spatial  resolution  of  better  than  10cm  is  possible. 
However,  the  reset  time  of  the  data  acquisition  system  limits  the  temperature  resolution  attainable  within  a 
reasonable  integration  time.  Calculations  indicate  that  a  resolution  of  IX  with  a  measurement  integration  time 
of  1  minute  should  be  attainable.  However,  the  temperature  resolution  of  5X  compares  favourably  with  the 
calculated  resolution  of  6®C  for  the  present  system. 

It  can  be  seen  in  Figure  2  that  there  are  end  effects  in  the  ratio  trace.  Despite  the  short  fibre  lengths  used,  this 
effect  does  not  influence  the  final  temperature  trace.  These  end  effects  are  due  to  laser  pulse  amplitude  and 
timing  shifts  between  the  time  taken  to  obtain  the  temperature  and  normalisation  traces  and  could,  in  any  case, 
be  removed  by  the  simultaneous  acquisition  of  both  the  Stokes  and  anti-Stokes  signals.  The  effect  of  laser 
amplitude  and  phase  variations  are  most  apparent  at  the  ends  of  the  fibres  where  the  Raman  backscatter  intensity 
has  a  high  slope  and  small  timing  or  amplitude  variations  result  in  a  high  error  in  the  calculated  temperature. 
A  reduction  in  integration  time  and  the  collection  of  temperature  and  normalisation  data  simultaneously  will 
therefore  assist  in  reducing  the  effect  of  laser  and  timing  variations. 

The  sense  fibre  length  is  cunently  limited  by  the  repetition  rate  of  the  mode-locked  Nd:YAG  laser.  However, 
either  short-pulse  semiconductor  diode  lasers  or  mode-locked  fibre  lasers'®"'^  provide  a  route  to  reducing  the 
laser  repetition  rate  and  hence  increasing  the  sense  fibre  length.  Calculations  indicate  that  a  1°C  temperatu'^ 
resolution  should  be  achievable  over  1km  of  fibre  with  an  initial  integration  time  of  5  minutes.  This  system  will 
find  immediate  application  in  many  areas  including  monitoring  of  power  transformer  hot  spots,  cure  monitoring 
of  composite  structures  and  any  applications  in  which  both  high  temperature  and  spatial  resolution  are  required. 

Conclusion 


We  have  successfully  demonstrated  a  high  resolution  distributed  temperature  sensor  with  10  cm  ^tial  resolution. 
A  temperature  resolution  of  S®C  was  demonstrated,  although  IX  should  be  achievable  with  faster  integration 
electronics. 

Whilst  further  experimental  work  is  required  to  optimise  the  system.  10cm  spatial  resolution  and  1®C  temperature 
resolution  should  be  readily  achieved  over  un  '  j  Ikm  of  sense  fibre. 
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INTRODUCTION 

In  recent  years  there  has  been  considerable  interest  shown  in  the  optical  sensor  design  and 
multiplexing  concepts.  Optical  fiber  sensors  have  been  successfully  demonstrated  for  a  variety  of 
physical  fields.  The  aim  of  our  study  was  to  demonstrate  a  temperature  optical  fiber  sensor  network 
for  electrical  engineering  applications  and  especially  for  AC  generators.  The  need  was  to  monitor 
individually  the  temperature  of  the  water  boxes  of  the  stator  bars,  and  therefore,  optical  fiber 
sensors  were  attractive  candidates  due  to  their  immunity  to  the  high  electric  fields  encountered 
inside  these  generators.  Moreover,  as  you  can  have  up  to  200  points  to  monitor,  we  needed  a 
sensor  concept  compatible  with  a  multiplexing  technique. 

PRINCIPLE  OF  OPERATION  OF  THE  OPTICAL  SENSOR  NETWORK 

The  basic  principle  of  operation  of  the  sensor  (see  Figure  1)  is  the  variation  of  the  reflection 
coefficient  at  the  splice  interface  between  a  sensitive  polymer  whose  index  of  refraction  greatly 
varies  with  temperature  and  the  optical  fiber.  Due  to  the  very  low  insertion  loss  of  such  a  sensor 
(typically  0.075  dB  in  transmission),  we  have  the  ability  to  achieve  time-multiplexing  of  different 
sensors  (10  to  20  sensors)  located  on  the  same  optical  fiber.  To  ensure  time-multiplexing,  we  use  a 
special  OTDR  we  developped.  The  OTDR  equipment  characteristics  are  an  operating  wavelength  of 
904  nm,  a  pulse  width  of  12  ns,  a  pulse  peak  power  of  3  W  and  a  repetition  rate  of  16  kHz.  We  use 
a  100/140  urn  multimode  fiber  in  order  to  get  a  high  backscattering  level.  Inspecting  the  OTDR 
curve,  '  /e  note  the  usual  Rayleigh  backscattering  contribution  with  echoes  surimposed  on  it 
corresponding  to  the  mismatch  of  index  of  refraction  of  the  different  sensors.  The  amplitude  of  the 
sensor  echo  varies  with  temperature.  In  order  to  avoid  any  bias  introduced  for  example  by  bending 
losses,  we  achieve  a  differential  measurement  by  deriving  the  ratio  of  the  echo  amplitude  relatively 
to  the  dark  current  baseline  to  the  backscattering  level.  TTiis  ratio  is  then  calibrate  for  the  sensors 
as  a  function  of  temperature  to  give  us  a  thermometric  ratio.  A  typical  calibration  curve  of  such  a 
sensor  is  presented  on  Figure  2.  Figure  3  presents  the  OTDR  trace  of  an  optical  line  with  10 
sensors.  The  minimal  spacing  between  two  sensors  is  3  m  due  to  the  pulse  width  and  the 
measurement  method,  and  typical  values  in  our  experiments  were  5  to  7  m.  To  achieve  a  200 
monitoring  points  system,  we  will  for  example  use  10  optical  lines  of  20  sensors  multiplexed  via  an 
opto-mechanical  device  (optical  line  switching).  Finally,  due  to  the  power  budget  evaluation,  the 
telemetring  range  of  our  system  is  up  to  one  kilometer. 

ENVIRONMENTAL  BEHAVIOR 

To  achieve  most  of  the  tests,  we  used  a  simple  butt-splicing  device  for  the  optical  fiber  to 
realize  the  sensors.  At  first,  we  made  thorough  tests  of  different  sensitive  polymers  in  order  to 
reach  our  targets  which  were  ;  temperature  accuracy  of  1®C  and  temperature  operating  range  from 
20°C  to  120®C.  At  this  stage,  we  tested  21  polymers  and  five  of  them  were  selected.  Then,  we 
made  a  number  of  optical  lines  of  sensors  to  survey  as  a  function  of  time  and  temperature  the 
ageing  behavior  of  the  polymers  i.e.  polymer  stability  in  terms  of  of  accuracy,  reproducibility, . . . 
These  tests  could  last  up  to  six  months.  At  this  stage,  two  polymers  were  selected  and  we  then 
focussed  our  attention  over  one  polymer  which  fulfilled  these  basic  specifications. 
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Due  to  the  hydrogen  atmosphere  within  the  AC  generators  (2  to  5  bars),  we  checked  during 
one  month  with  one  hydrogen  atmosphere  and  an  operating  temperature  of  90°C  that  hydrogen  had 
no  influence  over  the  calibration  curve  of  the  thermometric  ratio. 

Some  experiments  showed  us  that  humidity  had  some  influence  over  the  calibration  curve. 
Therefore,  at  this  step  we  had  to  use  a  specially  designed  packaging  taking  into  account  the  need  for 
humidity  protection,  use  of  an  optical  cable  instead  of  an  optical  fiber,  dimensions  compatible  with 
the  application,  ability  to  use  this  package  to  go  through  vibration  and  electrical  field  tests,. . . 

The  design  of  the  packaging  led  us  to  outer  dimensions  of  50x10x7  mm  and  to  the  use  of  an 
aeronautic  optical  cable  whose  main  characteristics  are  :  tight  structure,  outer  diameter  of  1.5  mm 
and  operating  range  up  to  125°C.  Seven  resins  were  tested  using  this  new  packaging  for  the 
sensors  in  order  to  find  the  one  enabling  us  to  ensure  a  proper  humidity  barrier. 

Vibrations  is  a  main  environment  constraint  in  AC  generators.  Vibration  tests  were  first 
conducted  on  3  packaged  sensors.  Experimental  conditions  were  :  lOOHz  frequency,  1  to  20  g 
acceleration  i.e.  50  to  1000  |im  pp,  1  to  24  h  test  duration  along  one  axis.  Having  passed  this  test, 
more  severe  conditions  were  applied  on  3  other  sensors  :  a  combination  of  vibration  and  thermal 
cycling.  Experimental  conditions  were  :  lOOHz,  20g,  10’ vibration  cycles,  thermal  cycling  from  30 
to  90°C,  tests  along  2  axes. 

Finally,  tests  were  conducted  with  4  packaged  sensors  on  a  prototype  of  ends  of  two  stator 
bars.  The  sensors  were  fixed  on  the  water  boxes.  The  aim  of  these  experiments  was  to  check  that 
electrical  conditions  had  no  influence,  and  especially  to  choose  the  right  package  (nature  of  the 
metal  parts  used)  in  order  to  ensure  a  good  thermal  contact  and  to  avoid  any  induced  eddy  field 
currents  (amagnetic  metal)  which  would  bias  the  temperature  measurements.  Experimental 
conditions  were  :  40  to  85°C  operating  temperature,  5  kA  current. 

FIELD  TRIAL 

Owing  to  these  results,  it  was  decided  to  realize  a  field  trial  in  a  250  MW  AC  generator 
located  in  the  suburbs  of  Paris.  An  optical  line  of  ten  sensors  was  implanted  in  September  1990  for 
a  long  term  experiment.  Figure  4  presents  the  schematic  diagram  of  the  experiment.  Five  sensors, 
coupled  with  five  thermocouples,  were  located  on  the  amagnetic  shield  which  is  not  an  electrical 
field  sensitive  part.  Five  other  sensors  were  located  on  the  active  part  of  the  machine  (water  boxes). 
This  implantation  allows  us  to  monitor  different  possible  calibration  drifts  of  the  sensors.  To 
perform  such  an  experiment,  we  had  to  develop  a  lot  of  accessories  like  optical  cable  feedthroughs. 
The  sampling  time  cycle  of  the  whole  equipment  has  been  slowed  down  to  approximately  3  minutes 
due  to  the  large  amount  of  collected  data. 

Figure  5  shows  a  good  correlation  of  the  temperatures  given  by  an  optical  sensor  on  the 
amagnetic  shield  and  its  coupled  thermocouple.  Interesting  data  processings  can  be  performed  to 
establish  the  relationship  between  different  temperatures  within  the  machine.  Finally,  a  clear 
relationship  is  shown  on  Figure  6  between  the  temperature  of  a  water  box  optically  measured  and 
the  square  root  of  the  sum  of  the  squared  active  and  reactive  powers. 

This  experiment  has  been  running  for  eleven  months  and  the  ten  sensors  and  the  different 
accessories  had  no  damage  during  this  period. 

CONCLUSION 

As  a  conclusion,  this  study  and  this  field  trial  experiment  are  a  contribution  to  the 
demonstration  of  the  maturing  of  the  optical  fiber  sensor  field  in  the  recent  years.  This  kind  of 
sensor  network  can  be  used  in  the  future  to  monitor  large  electrical  engineering  machines  in  order  to 
optimize  their  running  point,  to  prevent  any  accidental  damage  and  to  forecast  their  maintenance. 
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FIGURE  3  :  OTDR  curve  of 
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TH1 .6  Code-division  Multiplexed  Interferometric  Array  With  Phase 
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Abstrw^ 

The  results  obtained  using  code-division  multiplexing  with  an  array  of  eight  sensors  are 
reported.  We  demonstrate  a  phase  noise  sensitivity  of  100  prads/vHz,  and  show  that  cross¬ 
tab  levels  ~-60  dB  can  be  achieved  using  this  ajqnoach. 


Introduction:  Spread  spectrum  (SS)  and  code  division  multiplexed  (CDh^  techniques  [1] 
have  been  applied  to  a  variety  of  communications  applications,  including  optical  fiber  systems 
[2].  liiis  type  of  signal  processing  has  also  been  previously  investigated  for  optical  time- 
domain  reflectometry  (OTOR)  bas^  sensing  [3],  and  more  recently,  has  been  proposed  and 
tested  as  a  means  for  multiplexing  interferometric  sensors  [4].  In  this  wOTk,  the  interrogating 
laser  source  is  modulated  using  a  pseudo-random  bit  sequence  (PRBS)  of  lengdi  2*”-l 
(maximal  length  sequence,  or  m-sequence),  and  correlation  is  used  to  provide  synchronous 
detection  to  identify  specific  sensor  positions.  A  delay  equal  to  an  integer  multiple  of  the  bit 
(or  ‘chip’)  period  separate  the  sensors.  The  received  signals  from  the  array  are  then  encoded  by 
delayed  versions  of  the  PRBS,  and  correlation  t^hniques  can  be  used  to  extract  the  individual 
signals.  Although  diis  method  may  provide  advantages  in  terms  of  power  budget  for  time- 
division  multiplexed  systems,  it  would  also  seem  to  be  limited  by  excess  phase  noise  effects 
arising  due  to  mixing  of  time  co-incident  pulses  from  different  sensors,  and  relatively  high 
crosstalk  between  sensors.  In  this  paper  we  address  these  limitations  of  the  technique,  using  a 
detection/signal  processing  approach  which  yields  improved  phase  noise  performance,  and 
crossudk  levels  lower  than  those  expected  from  consideration  of  the  code  length. 

Principle:  Figure  1  diagrammatically  represents  the  principle  of  operation  of  the  CDM 
approach  applied  to  an  interferometric  sensor  array  [4].  The  PRBS  input  optical  signal  is  fed 
to  each  the  N  sensors,  delayed  by  a  multiple,  n-,  of  the  bit  period  T,  where  j  denotes  a  specific 
sensor  (1  ^  j  ^  N).  The  total  output  signal  comprises  the  intensity  sum  of  the  overltqrping 
delayed  PBS  sequences  (each  mo^fied  by  the  appropriate  sensor  transfer  function).  This 
results  in  a  complex  up-down  staircase-like  function  at  the  optical  detector  which  can  be 
decoded  using  synchronous  correlation-detection  involving  multiplication  of  the  received 
signal  with  an  appropriately  delayed  reference  PRBS. 

In  spread-spectrum  communications  systems,  this  synchronous  detecticm,  or  de-spreading 
process,  decodes  the  information  channel  of  interest  whilst  spreading  any  interfering  signal 
occupying  die  same  frequency  spectrum.  It  can  be  shown  that  the  amplitude  suppressitm  ratio 
of  an  interfering  signal  relative  to  a  coded  information  signal  is  given  ^  [1] 

R  =  -201ogio[2™-l].  (dB)  (1) 

In  spread  spectrum  communications  systems,  this  property  is  used  to  discriminate  between  the 
wanted  coded  signal  and  any  uncoded  ‘interfering’  signals  However,  in  the  case  of  a  sensor 
array,  all  signals  received  are  coded  but  with  different  relative  delays.  Here  we  demonstrate 
that  this  allows  the  sensor  signals  to  be  demultiplexed  with  low  crosstalk,  provided  the  correct 
correladon  signal  processing  is  performed. 
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Normally,  in  investigating  the  correlation  functions  of  noise-like  codes,  bipolar  (+1,-1)  digital 
states  are  of  interest  The  auto-correlation  functions  of  m-sequence  codes  are  characterized  by 
peaks  at  X  =  0,  ±  k'J'P'”  -  1]  (k-  integer)  of  height  =  (2*"  -1)  and  width  T  on  a  baseline  of  -  l. 
However,  in  the  operation  of  the  multiplexed  sensor  system,  the  optical  power  coupled  to  the 
array  is  switched  on  and  off  according  to  the  m-sequence  code,  which  represents  a  unipolar 

code,  f(t)  =  1,1  0, . sequence.  If  the  detected  optical  signal  is  gated  by  a  bipolar  sequence; 

r(t+x)  =  +1,  +1,  -1, . .  the  correlation  function  of  interest  is  the  modified  auto-correlation; 

OO 

V(x)  =  Jf(t)*r(t+x)dt.  (2) 

-OO 

This  correlation  function,  for  m-sequences,  has  peaks  at  x  =  0,  ±  kT[2'"  -  1]  (k-  integer)  of 
height  =  2^*""^^  and  width  T  on  a  zero  baseline.  Ctonsequently,  the  correlation  function  is  zero 
for  any  asynchronous  alignment  of  the  codes.  This  occurs  because  any  m-sequence  code 
contains  2'™“^^  ‘ones’  and  (2("'‘^^-l)  ‘zeros’  (corresponding  to  +1  and  -1  digital  states  in  the 
bipolar  code  r(t)).  When  the  codes  are  synchronized,  all  the  ‘ones’  in  f(t)  align  with  +1  states 
in  the  bipolar  code  r(t),  whereas  the  zeros  in  f(t)  align  with  the  -1  states  in  f’(t).  This  gives  the 
correlation  peak  of  height  .  For  any  asynchronous  alignment  of  the  codes,  half  the 
‘ones’  in  f(t)  align  with  +1  states  in  the  bipolar  code  f  (t),  whereas  the  other  half  align  with  the 
-1  states  in  f’(t);  This  gives  the  correlation  value  of  zero.  This  always  holds  for  any  asynchro¬ 
nous  alignment  of  the  codes,  and  thus  ensures  that  delayed  coded  signals  can  be  rejected  with 
high  isolation.  In  a  multiplexed  system,  this  property  can  be  used  to  provide  good  isolation 
between  sensors,  providing  the  code  length  is  greater  than  the  number  of  sensors  in  the  array., 
i.e.  (2™  - 1)  ^  N. 

Experimental:  The  array  system  was  of  the  basic  ladder-type  form  shown  in  Figure  1,  as 
previously  used  in  our  work  on  conventional  time  division  multiplexing  schemes  [5].  The 
array  comprised  eight  sensor  elements  coupled  in  the  ladder  topolo^,  with  delay  coils  of  30  m 
length  separating  die  tap-couplers  in  the  input  fiber  bus  which  fe^s  optical  power  to  the 
sensors.  Experiments  were  conducted  with  a  variable  number  of  sensors  operating;  this  was 
accomplished  using  sharp  bends  in  the  output  fiber  of  certain  interferometers  to  attenuate  the 
optical  signal.  This  allowed  the  operation  of  the  multiplexing  scheme  to  be  assessed  for 
increasing  numbers  of  sensor  elements.  The  optical  input  to  the  array  was  derived  from  a  830 
nm  diode  laser  operating  in  a  CW  mode.  An  acousto-optic  modulator  (AOM)  was  used  to 
encode  the  input  to  the  sensor  array  with  the  PRBS  which  was  generated  using  a  linear  shift 
register  generator.  The  clock  frequency  was  6.8  MHz,  corresponding  to  a  single  bit  length  of 
~  145  nS,  which  matched  the  30  m  fiber  delay  between  sensor  elements.  The  electronic  gating 
circuit  used  to  perform  the  balanced-synchronous  detection  at  the  photo-detector  output  is 
shown  in  the  inset  box  in  Figure  1;  this  was  the  key  element  in  obtaining  low  crosstalk 
performance  with  the  array. 

Results:  Figure  2  shows  the  type  of  photodetected  signals  observed.  The  received  signal  with 
just  one  sensor  signal  coupled  to  the  output  (Figure  2.a)  clearly  shows  the  faithful  reproduction 
of  the  PRBS  code  applied  to  the  input.  The  complex  form  of  the  photodetector  signd  obtained 
with  all  8  sensors  coupled  to  the  output  (Figure  2.b)  arises  due  to  the  multiple  overlapping 
codes  with  varying  delays.  The  code  length  used  in  these  experiments  corresponded  to  31  bits 
(m=5).  One  problem  which  is  obviously  apparent  fiom  Figure  2.b  is  the  noise  generated  by  the 
mixing  of  the  optical  components  from  the  various  sensors  at  the  detector.  To  reduce  this 
noise,  we  have  utilized  a  suppression  technique  based  on  RF  modulation  of  the  laser  [6],  which 
effectively  heterodynes  the  phase-noise  to  harmonics  of  the  (RF)  modulation  frequency,  thus 
improving  baseband  signal-to-noise.  Figure  3  shows  the  measur^  phase  noise  of  one  sensor 
(at  1  kHz)  for  1, 3  and  8  sensors  coupled  to  the  output,  with  and  without  phase  noise  reduction. 
A  sensitivity  of  100  |irads/VHz  was  achieved  for  a  single  demultiplexed  sensor  output  with  all 
8  sensors  operating  (Figure  4). 
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The  crosstalk  between  sensors  was  measured  for  the  array  configured  with  just  three  adjacent 
sensor  outputs  coupled  to  the  output  fiber.The  sensors  were  driven  with  a  phase  shift  signal  of 
300  mrad  rms,  each  at  a  slightly  different  frequency  (800  Hz,  1.0  kHz^d  1.2  kHz).  The 
reference  PRBS  delay  was  set  to  demultiplex  the  second  sensor,  and  the  crosstalk  between 
sensors  was  evaluate  using  a  spectrum  analyzer.  To  ensure  a  reliable  measurement  of 
crosstalk  was  made,  the  bias  phase  of  each  sensor  was  adjusted  so  that  all  three  sensors  were 
simultaneously  in  quadrature.  A  crosstalk  of  -42  dB  was  obtained.  Changing  the  code  length 
to  7  or  15  bits  (m=3,  4  respectively)  did  not  affect  this  result.  We  attributed  this  to  the  over¬ 
lapping  of  the  edges  of  the  sightly  non-rectangular  pulses  generated  by  the  input  modulator 
(AOM).  To  overcome  this  we  modified  the  electronics  to  produce  retum-to-zero  (RZ)  type 
input  pulses.  The  type  of  optical  signals  then  produced  at  the  detector  is  shown  in  Figure  5. 
The  crosstalk  of  the  system  in  this  mode  improved  to  ~  60  dB,  as  shown  in  Figure  6.  Again, 
for  the  three-sensor  experiment  this  result  did  not  depend  on  the  length  of  the  code  used,  and 
was  obtained  for  a  7,  15  and  31  bit  codes^.  For  the  7-bit  code,  this  represents  a  43  dB 
improvement  in  expected  crosstalk. 

Conclusions:  We  have  reported  the  operation  of  a  code-division  multiplexed  interferometric 
sensor  array  with  relatively  low  phase  noise.  We  have  demonstrated  that  the  technique  can  be 
used  to  provide  crosstalk  levels  as  low  as  -60  dB  between  sensor  elements  in  the  array. 

This  work  is  supported  by  the  Office  of  Naval  Technology. 
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Figure  1.  Basic  schematic  of  the  interferometric  sensor 
array  using  code-division  multiplexing.  Inset  to  right 
shows  balanced  gating  circuit  used  in  signal  processing. 
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t  It  IS  interesting  to  note  that  this  result  compares  to  rejection  ratios  between  coded  and  mcoded  signals 
of -17  dB,  -24  dB  and  -30  dB  for  the  same  7,  IS  and  31  bit  sequences. 
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Figure  2.  Input  FRBS  code  tapper  true  est  and  detected  optical  output  (lower  traces)  for. 
a)  a  single  .tensor  coupled  to  the  output  fiber,  and  h)  all  eight  sensors. 
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Figures.  Variation  in  phase  sensitivity  for  a  single 
dcmultiple.xed  sensor  vs  number  of  sensors  multiplexed. 


Figure  4.  Phase  noise  sensitivity  for  a  single 
demultiplexed  sensor  with  eight  sensors  multiplexed: 
Test  signal  at  1  kHz  corresponds  to  20  millirads  rms. 


Figure  5.  Pul.se  waveforms  for  a  single  semsot  using 
return  to  zero  input  PRBS  operation 


Figure  6.  Measured  crosstalk  with  three  sensors 
operating:  Note  weak  frequency  components  at  800  Hz 
and  1.2  kHz,  60  dB  down  on  demultiplexed  sensor 
signal  at  I  kHz  (central  frequency  component). 
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TH1 .7  An  Improved  TDM  System  Applied  To  The  Multiplexing  Of  Silicon 
Microresonator  Sensors  Exhibiting  Identical  Characteristics 

YJ.  Rao,  B.  Culshaw,  and  D.  Uttamchandani, 

University  of  Strathch'de,  Glasgow,  UK 

Division  of  Optoelectronics,  Departnent  of  Electrcmlc  &  Electrical 
Engineering,  University  of  Strathclyde,  Glasgow  Gl  IXtf,  United  Kingdon 

Introduction:  There  has  been  much  interest  in  the  use  of  mechanically 
resonant  structures  as  a  means  of  measuring  environmental  parameters.  The 
greatest  advantage  of  such  resonator  sensors  is  that  the  value  of  the 
measurand  of  Interest  is  obtained  by  the  measurement  of  resonant  frequency 
of  the  sensor.  This  measurement  for  practical  purposes  is  insensitive  to 
light  intensity  transmission  fluctuations,  therefore  free  from  corruption 
compared  with  conventional  analog  modulation.  The  measurement  may  also  be 
made  with  extremely  high  accuracy.  Additionally  a  frequency  signal  of  the 
type  obtained  from  the  mechanical  resonator  may  be  transmitted  along 
virtually  any  linear  medium  transmission  line  without  distortion.  In  recent 
years  much  effort  has  been  directed  towards  realizing  a  new  class  of  silicon 
microresonator  sensors  for  pressure,  temperature,  acceleration,  vibration, 
mass  flow.  These  silicon  microresonator  sensors  are  usually  fabricated 

using  standard  micromachining  techniques,  involving  anisotropic  chemical 
etching,  and  this  promises  the  possibility  of  high  volume,  repeatable,  and 
low  cost  production.  The  physically  small  dimensions  of  these 
microresonators  (typically  a  few  hundred  micrometers  long  by  tens  of 
micrometers  wide  by  a  few  micrometers  thick)  make  them  directly  compatible 
with  optical  fibers  for  both  optical  excitation  and  interrogation,  thereby 
enabling  the  realization  of  an  all 'fiber  optically  addressed  silicon 
microresonator  sensor  which  is  ^_gCompact,  intrinsically  safe,  and 
electromagnetic  interference  free.  These  characteristics  may  hav^ 

special  attractions  in  chemical,  avionic,  and  in  vivo  medical  applications. 

A  multiplexing  system  which  can  automaticallly  distinguish  between  responses 
of  point  silicon  microresonator  sensors  exhibiting  identical  characteristics 
is  very  important  for  the  practical  applications  of  these  sensors,  because 
in  practice  point  sensors  in  the  multiplexing  network  must  be 

interchangeable  without  any  substantial  recalibration  to  the  system. 
However,  there  is  little  Information  on  this  topic  to  date. 

Generally,  the  resonant  frequency  range  of  these  sensors  is  between  a 
few  tens  of  kHz  and  a  few  hundred  Mz  and  this  is  at  least  several  times 
higher  than  the  pulse  repetition  frequency  (lOkHz)  of  typical  pulsed  lasers 
used  in  prior  TOM  approaches.  Although  the  SAW  pulse  compression  method 
using  a  multimode  CW  laser  has  been  presented  to  improve  average  optical 
power,  this  method  suffers  from  several  drawbacks.  Firstly,  the  use  of 
many  high  speed  electrical  components  not  only  makes  the  system  structure 
complicated,  but  has  also  the  problem  of  matching  these  devices  with  each 
other.  Secondly,  the  amplitude  noise  of  the  used  multimode  laser  at  high 
frequency  (typically  60HHz)  operation  limits  the  system  SNR.  Finally,  the 
improvement  of  crosstalk  is  limited  by  the  performance  of  the  SAW  chirp 
filter.  Furthermore,  although  a  laser  diode  wasutilised  to  improve  the 
sampling  frequency,  the  technique  for  SMRS  still  has  problems  with  both 
low  optical  power  arriving  at  the  detector,  thereby  resulting  in  low  system 
SNR,  and  weak  signal  introduced  by  the  very  small  light  intensity  modulation 
of  SMRS. 

In  this  letter,  we  report  on  the  realization  of  an  improved  TDM  system 
and  its  application  to  the  multiplexing  of  silicon  microresonator  sensors. 
For  the  system  developed,  the  SNR  for  shot-noise-limited  case  can  be 
improved  by  at  least  20  dB  over  that  normally  attained  with  a  same  laser 
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diode  without  any  logic  low  intensity  level  adjustble.  A  sampling  speed  of 
up  to  IMHz  was  used  for  the  multiplexing  of  a  four  channel  fiber  optic 
network  for  use  with  four  SMRS  and  simultaneously  a  more  than  30dB  system 
SNR  were  also  obtained. 

Systea  description:  The  schematic  of  the  multiplexing  system  is  shown  in 
Fig.  1.  A  Melles  Griot  06DLL507  single  mode  quasi -CW  GaAlAs  diode  laser 
head  with  thermoelectric  cooling  was  used  as  the  source,  and  operates  at  a 
wavelength  of  830nm.  Its  output  light  intensity  was  modulated  by  a  fast 
switching  circuit  (switching  time  <8ns)  shown  in  Fig.  2,  The  advantage  of 
this  switching  circuit  is  that  it  allows  both  logic  high  and  logic  low 
current  levels  to  be  adjusted  independently  such  that  the  average  optical 
power  can  be  improved  by  increasing  the  logic  low  level.  In  our  system,  the 
modulation  frequency  and  the  width  of  the  pulse  train  sent  to  the  laser  head 
were  IMHz  and  40ns  respectively,  and  the  logic  high  level  was  adjusted  to 
the  maximum  optical  power  output  point  (40mW) .  Compared  with  the  ordinary 
TDM  method,  when  the  logic  low  level  was  adjusted  to  57mA  (giving  an  average 
optical  power  output  of  lOmW) ,  the  total  average  optical  power  output  from 
the  laser  head  was  about  23.8dB  greater  than  that  from  a  same  laser  diode 
without  any  logic  low  intensity  level  adjustable.  This  means  that  the  SNR 
for  shot -noise -limited  case  can  be  improved  by  at  least  20  dB  due  to  the 
linear  relationship  between  the  average  power  and  the  SNR  obtained  from  the 
eqn.  1  in  Reference  8  and  the  Fig.  2  In  Reference  10.  The  pulse  train  from 
the  laser  diode  was  launched  into  a  50pm  core  multimode  fiber  star  network 
consisting  of  a  2x1  coupler  and  a  1x4  coupler.  The  forward  excess  loss  and 
the  excess  reverse  loss  of  the  network  were  about  3.6dB  and  6.4dfi 
respectively.  Four  fiber  delay  line  lengths  differing  by  10m  were  used  to 
generate  four  pulse  delay  times  from  100ns  to  400ns  with  a  time  separation 
for  the  return  pulses  for  each  port  of  100ns.  An  ANTEL  ARX-SA  ultra 
high-speed  avalanche  photodiode  (APD)  with  a  minimum  detectable  optical 
power  of  50nW  was  utilized  as  the  detector.  Four  electrical  digital  delay 
units  Di-D*  were  used  to  get  the  same  pulse  delay  times  with  the  optical 
delay  times.  The  pulses  Pi  coming  from  the  same  pulse  generator  with  two 
channel  outputs  were  a  little  wider  than  that  Pz  sent  to  the  laser  driver. 
This  reduced  the  demand  for  precise  time-matching  between  the  delayed 
electrical  pulses  and  the  delayed  photoelectrical  pulses.  After 
amplification  the  return  signals  were  sent  to  four  WJ-Sll  high  speed 
electrical  switches.  The  ith  delayed  electrical  pnilse  opens  the  1th  switch 
SWi  and  lets  the  ith  delayed  photoelectrical  puHe  pass  through  the  SWi,  and 
then  closes  the  SWi  before  the  (l+l)th  photoelectrical  pulse  comes  to  the 
detector,  where  1^-1  and  N  is  the  number  of  the  multiplexed  sensors. 
Therefore,  from  the  output  end  of  the  SWi  we  can  obtain  a  pulse  train 
amplitude -modulated  by  the  vibration  of  the  1th  SMRS.  Byusing  an  electrical 
low-pass  filter  we  can  remove  the  sampling  pulses  and  obtain  the  envelope 
1 . e .  the  resonant  signal  of  the  1th  SMRS . 

Experiment:  The  silicon  microresonator  sensor  used  in  this  work  was  a  bridge 
structure  which  was  1.4fflffl  long  by  40^  wide  by  2fm  thick,  clampled  at  both 
ends,  with  a  70()nm  thin  aluminium  coating  evaporated  on  it.  A  periodic 
mechanical  strain  along  the  silicon  bridge  generated  by  the  absorption  of 
acoustic  power  produced  by  a  piezoelectric  transducer  (PZT)  resulted  in  a 
periodic  expansion  of  the  bridge.  When  the  modulation  frequency  of  the  PZT 
matched  the  natural  resonant  frequency  of  the  .microresonator,  maximum 
amplitude  of  vibration  was  obtained.  The  gap  between  the  fiber  end  and  the 
sensor  surface  was  of  the  order  of  a  few  tens  of  micrgp^ters.  The  detection 
scheme  is  similar  to  that  described  by  Liu  and  Jones. 

For  this  system,  the  worst  case  optical  power  loss,  including  star 
coupler,  couplings  and  sensor  misalignment,  was  about  26dB  per  fiber 
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channel.  About  llmW  average  optical  power  was  coupled  into  the  network  and 
this  was  enough  for  the  high  multiplexing  of  four  SMRS.  Fig.  3  displays 
(a)  the  gate  signal  coming  from  the  delay  unit  D2  for  toggling  the  switch 
SW2,  (b)  the  return  photoelectric  pulses  when  the  second  fiber  delay  line 
was  addressed  to  the  sensor,  and  (c)  the  sampling  pulse  output  of  the 
'second'  sensor.  It  can  be  seen  clearly  from  Fig.  3(c)  that  only  the 
required  photoelectric  piilse  passes  through  the  corresponding  switch  and 
other  photoelectric  pulses  are  rejected.  By  using  a  low-pass  filter  with  a 
3dB  cutoff  frequency  of  lOOkHz  at  the  switch  output  the  resonator  signal  was 
achieved.  The  detected  resonant  frequency  is  53.77kHz  and  the  resonant 
peak,  depending  on  the  vibration  amplitude  of  the  sensor  under  the 
excitation  of  the  PZT,  is  about  30dB  above  the  noise  level.  The  maximum 
measurable  cross-talk  in  this  system  can  only  be  -30dB  due  to  the  lim'it  of 
the  amplitude  of  the  resonant  signal  although  potentially  the  switch 
isolation  is  more  than  70dB  as  quoted  by  the  manufacturer.  By  pioving  each 
of  the  four  fiber  delay  lines  to  address  the  same  SMRS  respectively,  and 
then  measuring  the  corresponding  channel  output  signals  from  the  four 
switches,  the  passive  multiplexing  of  four  SMRS  was  realized  successfully. 

Conclusion:  In  conclusion,  we  have  developed  an  improved  TDM  system  using  a 
logic  low  intensity  level  adjustable  signal  mode  qUt.si-CW  diode  laser.  A 
sampling  frequency  of  up  to  IMHz  and  a  more  than  30dB  system  SNR  (for 
shot-noise-limited  case)  have  been  achieved  simultaneously  to  realise  the 
successful  passive  multiplexing  of  four  fiber  optic  channels  for  use  with 
silicon  microresonator  sensors  exhibiting  Identical  characteristics.  The 
work  of  this  paper  can  be  easily  extended  to  passive  multiplexing  for  any 
fiber  optic  sensor  that  produces  intensity  modulation,  especially  for  those 
requiring  a  high  dynamic  measurement  range. 
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Abstract 

Recent  developments  in  Application  Specific  Optical  Fibres  and  Ft)re  Devices  for  Optical  Fibre  Sensors 
are  outlined,  with  particular  enphasis  on  fibre  lasers,  amplifiers  and  grating  technology. 


Introduction 

Optical  fibres  for  telecommunications  applications  have,  ever  the  !ast  decade,  developed  to  the  point 
where  they  are  now  virtually  a  commodity  product.  During  that  time,  however,  new  applications  for 
optical  fibres  have  been  developing,  most  noticeably  the  area  of  optical  fibre  sensors.  One  of  the  driving 
forces  for  this  has  been  the  development  of  Application  Specific  Optical  Fibres  (ASOF)  whose  properties 
are  tailored,  either  through  the  fpre  design  or  the  use  of  novel  glasses  or  dopants,  to  optimise  their 
performance  in  a  given  application.  This  area  has  previously  been  extensively  reviewed  (see  eg 
and  this  paper  will  therefore  attempt  to  concentrate  on  recent  developments  whilst  introducing  any 
background  information  as  necessary. 


Birefringent  Fibres 

This  area  was,  perhaps,  the  first  ASOF  to  reach  commercial  acceptance  and  efforts  are  now  being 
directed  less  towards  research  and  more  towards  the  'engineering’  efforts  of  volume  production  and 
standardisation.  The  best  example  of  this  is  the  highly-birefringent  fibre  in  its  various  forms  (see  eg  ref 
3)  which  is  proving  crucial  in  interferometric  sensors,  such  as  the  optical  fibre  gyroscope  *  and 
hydrophone’.  However,  all  highly-birefringent  fibres  (including  quasi-circuiariy  birefringent  'spun  hi-bi' 
fibres’)  suffer  from  iarge  temperature  dependence  of  the  birefringence,  which  is  a  particular  problem  in 
single-fibre  sensors  such  as  polarimeters.  Further  research  is  therefore  required  to  develop  truly 
temperature  insensitive  fibres.  A  tally  circularly-polarisation  preserving  fibre  would  also  find  instant 
appiication  in  optical  fibre  current  monitors. 

More  recently,  the  two-mode  elliptical-core  fibre  ("E-core”  fibre)  has  come  under  intense  investigation  in 
the  last  few  years  using  the  intermodal  interference  between  the  LFg,  and  LP,,  modes.  An  elliptical- 
core  fibre  has  the  great  advantage  here  that  the  LP„  mode  is  spatially  stable,  thus  allowing  simple, 
single-fibre  interferometers  to  be  constructed.  The  other  major  appiication  of  E-core  fibres  is  in  writing 
photorefractive  gratings  within  the  fibre  core  using  a  high-power  AT  laser  (see  below).  The  grating 
formed  matches  the  modal  interference  pattern  within  the  fibre  and  these  have  been  proposed  for  optical 
switches  and  modulators,  although  their  use  on  optical  fS}re  sensors  has  not  yet  been  demonstrated. 


Non-silica  fibres 

Whilst  the  low  loss  of  silica  makes  it  the  ideal  medium  for  optical  communications,  it  should  be  noted 
that,  in  general,  improvements  in  the  performance  of  optical  fibre  sensors  and  other  devices,  where  only 
a  few  metres  of  fibre  may  be  required,  can  be  obtained  by  abandoning  silica  altogether  as  a  host 
material  and  employing  non-silica  glasses  or  even  polymers.  The  increased  loss  inherent  in  this 
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approach  is  not  normally  a  problem,  since  several  orders  of  magnitude  improvement  in  device  sensitivity 
is  obtainable  and  only  a  few  metres  of  fibre  are  required. 

Of  the  many  'soft'  glasses  which  have  been  investigated  over  the  past  few  years,  those  which  have 
proven  the  most  useful  are  fluoride  and  phosphate  glasses  for  fibre  laser  and  amplifier  hosts.  In 
particular,  the  low  phonon  energies  of  fluoride  glasses  make  them  attractive  as  laser  hosts  for 
upconversion  laser  systems  (see  below).  However,  there  are  many  other  known  glasses  with  even  lower 
phonon  energies  (eg  chalcogenide,  chalcohalide)  which  may  give  yet  more  efficient  sources  than  those 
already  demonstrated.  These  low  phonon  energy  glasses  also  have  increased  transparency  in  the 
region  beyond  2pm,  which  makes  them  ideally  suited  for  spectroscopic  applications.  Other  non-silica 
glasses  for  fibres  have  been  mainly  developed  for  higher  non-linear  optical  properties  for  optical 
switching,  although  lead-based  fibres  with  a  high  Verdet  constant  have  been  fabricated  for  optical  fibre 
current  monitors®. 


Rare-earth  doped  fibres 

The  development  of  rare-earth  doped  fibres  has  been  one  of  the  most  significant 

developments  in  optical  fibres  in  the  last  few  years.  The  majority  of  work  has  been  devoted  to  the 
development  of  Erbium-Doped  Fibre  Amplifiers  (EDFAs)  for  communications  applications  ’®.  However, 
although  EDFAs  are  rapidly  approaching  commercialisation,  they  have  yet  to  be  incorporated  in  any 
sensor  systems,  where  their  broadband  width  and  low  excess  noise  may  find  many  applications, 
particularty  in  improving  power  budgets  for  distributed  and  quasi-distributed  sensors. 

Early  work  on  rare-earth  doped  fibres  for  sensors  concentrated  on  passive  devices,  particularly  filters'^ 
and  temperature  sensors’® More  recently,  the  potential  of  fibre  laser  sources  has  become  recognised, 
with  communications  applications  again  attracting  much  attention  and  in  particular  Er®* -doped  fibre  lasers 
are  now  under  intensive  investigation  as  sources  for  soliton-based  optical  comnxjnications  systems’^. 
The  field  is  developing  rapidly,  however,  as  evinced  by  the  wavelengths  which  can  be  reached  with  fibre 
lasers  (Fig  1.),  and  it  is  beyond  the  scope  of  this  paper  to  cover  all  the  developments  in  any  detail. 
Nevertheless,  four  basic  areas  of  interest  can  be  identified,  and  these  are  outlined  below; 

Superfluorescent  sources  Of  the  fibre  laser  sources  under  development,  greatest  attention  has  been 
paid  to  the  superfluorescent  fibre  laser’®  where  the  broad  fluorescence  linewidth  of  the  rare- 
earth  ions  in  a  glass  is  utilised  to  produce  highly  temperature-stable,  broad-spectrum  sources. 
These  have  been  demonstrated  in  both  Nd®*(1 .06)nm)  and  Er®*  (I.SSpm)’®  as  a  high  power, 
broad-spectrum  source  for  fibre  gyroscopes.  Such  superfluorescent  sources  will  also  find 
application  in  low-coherence  ('white-light')  interferometry®®  where  their  high  output  powers,  short 
coherence  length  and  efficiency  of  coupling  to  single-mode  fibres  are  also  important.  It  is 
particularly  worth  noting  that  cladding-pumped  devices  ®’  ®®  can  be  used  to  give  extremely  high 
coupling  efficiency  to  GaAIAs  phased  array  pump  lasers,  with  a  correspondingly  high  fibre  laser 
output  power  (Fig  2).  However,  care  must  be  taken  in  extrapolating  results  in  this  area,  since  it 
has  been  shown  ®®  that  the  excess  noise  in  supertuminescent  fibre  lasers  also  increases  with 
increasing  power. 

Pulsed  Laser  sources  Another  important  area  lor  fibre  lasers  is  as  pulsed  sources,  in  either  Q- 
switched®*  or  mode-locked®*  form.  These  can  produce  several  10s  of  watts  of  peak  power 
when  pumped  by  cheap  semiconductor  lasers  and  are  particularly  suited  as  sources  for 
distributed  sensor  systems.  Pulsed  fibre  lasers  have  developed  rapidly  over  the  past  few  years 
and  commercial  instruments  based  upon  them  are  now  available®®.  Most  recently,  the 
development  of  passively  mode-locked  short-pulse  fibre  lasers  ®^  offers  a  possibly  cheap  source 
of  femto-second  pulses  for  high  resolution  sensors,  spectrally-encoded  sensors  (from  the  high 
spectral  bandwidth  of  such  lasers)  and  electro-optic  sampling. 
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Narrow-linewidth  and  tunable  lasers  For  interferometric  and  polarimetric  sensors,  a  stable,  narrow- 
linewidth  source  is  required.  Whilst  the  majority  of  sensors  to  date  use  either  DFB 
semiconductor  lasers  or  diode-pumped  Nd:YAG  lasers,  fibre  lasers  provide  a  potentially  low-cost 
altemative.  Recent  developments  in  both  hr)g  and  linear  cavities^  have  demonstrated  stable, 
narrow-linewidth  (-kHz)  lasers  in  both  Ncf*  and  Ei^  doped  fibres. 

Upconversion  lasers  In  the  last  year,  up-conversion  fibre  lasers  in  fluoride  glass  fibres,  where  two 
photons  at  a  longer  wavelength  than  the  lasing  wavelength,  usually  in  the  infra-red,  are  absorbed 
to  produce  a  photon  of  laser  output  at  a  shorter  wavelength,  have  been  demonstrated.  This  was 
first  shown  in  fibre  in  a  Ho^-doped  fluoride  fibre^,  but  since  then,  many  such  systems  have 
been  demonstrated,  particularly  in  Pr^-doped  fibres,  where  waveiengths  from  491nm^  to 
910nm^’  have  been  reported.  SuCh  lasers  may  be  important  in  the  development  of  chemical 
and  bio-medical  sensors,  where  the  majority  of  work  to  date  in  non-fibre  systems  has  relied  on 
visible  light  excitation  of  fluorophours  by  high-power  argon  or  dye  lasers  operating.  Their 
replacement  with  compact,  tunable  solid-state  lasers  will  greatly  increase  the  applications  of  such 
technology. 


Passive  Fibre  Devices 

Recent  developments  in  passive  fibre  devices  have  been  concentrated  in  the  area  of  in-line  fibre 
gratings,  particuiarly  side-written  photo-refractive  gratings^.  However,  this  year  has  aiso  seen  further 
commercial  developments  in  fused-taper  3x3  and  polarisation-preserving  fibre  couplers  for 
interferometers.  In  another  related  development,  we  have  developed  a  new  technique  for  simplifying 
coupling  into  and  out  of  twin  and  multi-core  fibres.  These  deveiopments  are  presented  in  more  detail 
below. 

Twin  core  fibres  have  long  been  known  as  an  appropriate  technology  for  optical  fibre  sensors  for 
temperature  and  pressure”.  However,  a  major  disadvantage  associated  with  their  use  is  the 
difficulty  in  both  exciting  and  detecting  the  signals  in  the  two  cores  because  of  their  small  size 
and  relatively  close  proximity.  Since  each  core  has  typically  a  radius  of  only  a  few  microns  and 
their  separation  is  of  the  order  of  a  few  times  the  core  radius,  it  is  impossible  to  either  butt-couple 
or  splice  standard  (125  or  80  pm)  fibres  directly  to  them.  We  have  recently  reported  a  novel 
design  of  connector  to  overcome  this”,  which  is  shown  schematically  in  Fig  3.  This  comprises 
two  tapered  single-mode  fibres  located  in  a  lower-index  (eg  boron-doped)  glass  capillary.  The 
overall  diameter  of  the  fibres  is  then  reduced  by  tapering  whilst  the  mechanical  stability  and  fibre 
separation  are  maintained  so  that  they  can  be  spliced  to  the  twin-core  fibre  cores.  This  approach 
also  enables  the  spot  sizes  of  the  tapered  and  twin-core  fibres  to  be  matched  whilst  crosstalk  in 
the  connector  can  be  eliminated  by  the  choice  of  suitable  materials.  The  device  should  be  easily 
fusion-spliced  to  twin-core  fibre  and  may  also  be  simply  extended  to  multi-core  fibres. 

Fibre  Gratings  One  of  the  most  exciting  developments  of  recent  years  has  been  the  demonstration  of  in¬ 
fibre  gratings,  produced  by  etching  a  relief  grating  in  the  into  the  cladding  of  a  polished  fibre, 
close  to  the  core”  and  more  recently  the  in-fibre  photorefractive  grating  ””  are  the  most 
well-developed.  The  latter  are  particularly  important,  since  they  can  be  made  polarisation 
insensitive  (or  sensitive,  if  required)  and  are  easily  fabricated  in  many  types  of  singlemode  fibre 
Whilst  the  fabrication  technology  for  photorefractive  gratings  has  develop*^  considerably  over  the 
last  few  years,  to  the  point  where  gratings  several  cm  in  length  can  be  produced,  the  mechanism 
responsible  for  the  formation  of  the  grating  remains  obscure,  limiting  device  optimisation  for  many 
applications. 

To  date,  most  authors  have  favoured  the  explanation  based  on  index  changes  associated  with 
absorption  through  the  Kramers-Kronig  relationship  ”  although  these  are  now  generally 
understood  to  have  severe  limitations  ”  and  mechanisms  based  on  compaction  processes  in 
silica  ”  have  been  proposed.  Recently,  we  have  suggested  an  altemative  mechanism  based  on 
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stress  relief  in  the  fibre  *°  which  should  allow  the  optimisation  of  the  fibre  design  to  both 
improve  the  device  performance  and  to  simplify  the  fabrication  of  the  devices. 

Applications  of  these  devices  in  optical  fibre  sensors  are  varied  and  include  tenperature  and 
strain  sensors*’^,  laser  linewidth  selection  elements'*®  and,  more  recently  chemical  sensors 
**.  However,  availability  of  these  devices  is  still  limited  and  further  rapid  development  c. 
systems  based  on  fibre  gratings  is  expected  as  they  become  more  widely  available. 


Conclusions 

Whilst  some  ASOF  have  now  reached  the  stage  of  being  mature  commercial  products,  it  is  clear  that  a 
whole  new  range  of  ASOF  are  new  urxler  development.  These  new  fibre  will  have  an  increasing 
influence  on  the  design  and  operation  of  future  optical  fibre  sensors,  leading  to  more  practical  and 
environmentally  robust  systems. 
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Summary 

Many  sensor  jqpplications  involving  q)tical  fiber  have  limited  room  for  packaging  the  fiber. 
However,  due  to  the  statistical  nature  of  fiber  strength  and  the  susceptib^ty  of  gUiss  q)tical 
fiber  to  fatigue,  it  is  advantageous  to  keep  tensile*  and  bending-induced  stresses  as  small  as 
possible,  '^erefoie,  it  is  necessary  to  have  a  package  design  methodology  that  accounts 
for  the  mechanical  reliability  of  optical  fiber. 

The  design  methodology  must  include  the  following  components:  first,  one  must  have  a 
model  for  fiber  fatigue  that  is  practical  from  an  engineering  point  of  view.  Second,  the 
statistical  nature  of  fiber  strength  must  be  accounted  for.  Th^  one  must  be  able  to  scale 
the  fiber  strength  distribution  to  the  lengths  repre^ntative  of  die  application.  The  purpose 
of  this  development  project  is  to  propose  a  pragmatic  mechanical  d^gn  methodology  for 
fiber  sensors  Aat  incorporates  the  above  components. 

Recendy,  a  design  method  for  fiber  fatigue  was  proposed,  whereby,  the  allowable  40  year 
stress  is  determined  to  be  1/3  the  strength  measu^  in  a  fatigue  environment  for  silica-clad 
fiber.  ^  Thus,  the  allowable  long-term  stress  is  established  via  short-term  dynamic  fatigue 
testing. 

Hgure  1  is  a  strength  distribution  of  3.S6  kilometers  of  80  tun  diameter  developmental 
polarization-maintaining  single-mode  fiber  obtained  under  the  following  fatigue  conditions. 
Testing  was  performed  using  20  meter  gauge  lengths  on  a  recendy  developed  apparatus  that 
loads  all  flaws  to  failure  below  a  maximum  stress  level  of  300  kpsi.^  The  strain  rate  was 
approximately  200%/min  and  the  test  environment  was  50%  relative  humidiQr  and  23^. 
Using  the  above  allowable  stress  to  fatigue  strength  ratio  of  1/3  along  widi  published 
Weibull  scaling  laws,^  one  can  create  a  design  diagram  for  mechanical  reliability  of  optical 
fiber.  Figures  2  and  3  are  design  diagrams  genermed  from  the  data  in  Hgure  1  for  tension 
and  constant  radius  bending  conditions,  respectively.  The  curves  in  Hgures  2  and  3 
represent  predictions  of  failure  probability  versus  allowable  stress  for  a  range  of  24)plication 
lengths.  Note  that  in  the  case  of  bending,  the  allowable  stress  is  expressed  in  terms  of  the 
maximum  bend  stress  assuming  a  constant  bend  radius. 

From  curves  depicting  failure  probability  as  a  function  of  allowable  stress,  such  as  those  in 
Hgures  2  and  3.  one  determines  the  allowable  bend  radius  or  tensile  load  from  a{^lication 
length  and  required  failure  probability  information.  For  example,  a  50  meter  length  of  the 
fiber  in  Hgure  1,  placed  in  bending  with  a  required  faHute  prolxti)ility  of  1%  has  an 
allowable  bend  radius  of  ^proximately  0.50  in.  Thus,  dimensimial  requirements  for 
packaging  fiber  can  be  estimated  from  fiber  strength  data.  Givoi  an  estimate  of  the  package 
design  and  prelimin^  strength  distribution,  one  can  determine  the  amount  and  type  of 
strength  testing  required  to  make  predictions  in  the  failure  probability  range  of  interest 
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Finally,  in  the  case  where  fiber  experiences  multiple  stress  conditimis  in  a  single 
^plication,  die  overall  reUabiliQr  is  governed  by  the  stress  and  lerigth  combii^don 
determined  to  have  the  greatest  failure  probability.  Such  an  apimiach  leads  the  designer  to 
the  wealrest  reliability  lii^  in  the  package  desigrL 
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Figure  1 . 

Strength  Distribution  of  3.65  Kiiometers 
of  80  Micron  Sensor  Fiber 
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Figure  2. 

Allowable  Stress  Predictions  for  80  Micron 
Sensor  Fiber  in  Tension 


CO  n 
LL  p 


CL 


2B2 


200  300  400  500600  8001000 

Strength  (kpsi) 


Figure  3. 

Allowable  Stress  Predictions  for  80  Micron 


300  400  500600  8001000 


TH2.3 
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LlntroductkMi 

Several  types  of  fiber  polarizers  have  been  proposed  [l]-[4].  Most  of  them  utilize  the 
diffo^ce  in  bending  loss  betweoi  two  orthogonally  polarized  modes  r'^]I4].  However,  the 
single  polarizatiai  bandwidths  of  the  convoiticml  fiber  polarizo^  are  not  wide  enough  to  meet 
the  operation  wavelength  specifications  in  practical  use.  Currently,  we  have  developed  the 
ultra-wide  bandwidth  fiber  polarizer  as  an  attractive  compraoit  of  fiber  optic  sensing  systems. 
This  paper  describes  characteristics  of  the  fiber  polarizer  with  the  widest  single  polarization 
bandwidth  over  320nm  around  840nm  wavelength,  rqx>rted  so  fim 

2.Design 

In  practical  use  fin*  compon^ts  in  sensor  systems,  mrt  only  wide  single  polarization 
bandwidth  but  also  compactness  for  fiber  polarizer  are  required.  With  this  in  mind,  a  30mm 
bending  diameter  and  10  turns  for  fiber  coiling  were  selected.  The  bending  characteristics  of 
polarization  maintaining  fiber  woe  theoretically  investigated.  It  was  revealed  that  birefring^Ke 

(B)  could  be  die  effective  parameta*  to  control  the  single  polarization  bandwidth  (AX=Xcx-Xcy), 
when  the  remaining  parameters  were  adequately  tuned.  Figure  1  shows  the  calculated 
relationship  between  the  B  and  the  relative  bandwidth,  where  the  colter  waveloigth  in  the 

single  polarization  band  was  840nm.  In  the  calculation,  Xcx  and  Xcy  woe  defined  as  the 
wavelengths  where  the  excess  loss  of  X-polarization  (EL)  became  OJidB  and  that  of  Y- 
polarization  became  30dB,  respectively.  It  was  clarified  that  AX  could  be  widened  by 
increaring  B.  On  the  other  hand,  the  increase  of  B  value  resulted  in  the  difficulties  to  prepare 
polarization  maintaining  fiber  and  finally  was  limited  to  12xl(H. 
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3.Pplarizer  characteristics 


The  fiber  polarizers  were  fabricated  by  coiling  polarization  maintaining  fibers  with  B  of 

12x10^.  The  used  reel  was  30mm  in  diameter  and  the  turn  number  of  fiber  was  10.  Figure  2 
shows  the  typical  loss  spectra  of  each  polarized  mode.  Characteristics  of  the  fabricated 

polarizer  are  summarized  in  Thble  1.  Xcx  and  Xcy  were  lOVOnm  and  750nm,  respectively.  AX 
of  320nm,  which  is  the  widest  reported  so  far,  was  actually  achieved.  Extinction  ratio  (ER) 
was  40dB  and  EL  was  less  than  O.OSdB,  each  measured  with  an  LED  at  840nm.  The  single 
polarization  bandwidth  is  so  wide  that  the  tolerance  of  signal  operation  wavelength  can  be  as 
large  as  38%.  It  is  large  enough  to  cover  variations  of  the  center  wavelengths  of  commercially 
available  light  sources.  Conventionally,  In  order  to  meet  the  operation  wavelength 
specifications,  precise  control  for  coiled  conditions  has  also  been  required.  Spectral 
dependence  of  bending  loss  on  turn  numbers  was  also  investigated  as  shown  in  Figure  3. 
Because  of  its  broad  bandwidth,  both  ER  and  EL  were  very  stable  against  coiled  conditions. 
This  is  one  of  advantages  for  mass  production  of  polarizo’s. 

4.  Reliability 

The  reliability  of  the  polarizer  on  environmental  changes  are  investigated.  Figure  4 
shows  temperature  dep^dence  of  ER  and  EL.  The  fabricated  polarizer  remained  the  initial 

characteristics  over  a  wide  temperature  range,  from  -40  to  +85  "C.  The  performances  of  the 
polarizer  under  humid  condition  and  high  temperature  have  also  been  investigated.  After 
keeping  under  +60 "C  and  95%  humidity,  and  +85'’C  over  lOOOhr,  there  were  no  changes  in  its 
charactaistics. 

5. Conclusion 

The  fibCT  polarizer  with  the  single  polarization  bandwidth  of  320nm,  the  widest  reported 
so  far,  was  fabricated.  The  tolerance  of  the  signal  operation  wavelength  was  enlarged  to  be  as 
large  as  as  38%,  and  an  extinction  ratio  of  over  40dB  was  demonstrated.  The  polarizer  shows 
excellent  stability  against  the  harsh  environments.  The  compact  polarizer,  as  small  as  30mm  in 
diameter,  with  high  performances  is  extremely  advantageous  for  applications  to  optical  fiber 
sensors,  such  as,  fiber  optical  gyroscope. 
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Figure  1  Caiculated  relationship  between 
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Figure  2  Typical  loss  spectra  of 
fiber  polarizer 
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Figure  4  Temperature  dependence  of  ER  and  EL 
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SUMMARY 


Imrodufliai 


Intrinsic  optical  fitne  sensors,  where  the  optical  fibre  is  itself  the  transduco',  offer  low 
invasiveness  and  the  potential  ctqpability  for  distrOnited  measurement  along  a  single  filne.  Both  propraties  are 
of  high  interest  and  find  many  xqifdications.  for  instance,  for  the  mraiitQring  of  structures. 

A  quasi-distributed  technique,  based  oa  "white  light”  coherence  multiplexing  in  two  modes 
fibre,  was  recently  reported^’^,  which  exhibits  high  accuracy  and  can  offer  real  time  measurement^.  A 
polarimetric  configuration  uses  the  two  polarization  modes  of  a  Highly-Birefiingent  (Hi-Bi)  fibre^.  Light  from 
a  short  coherence  length  source  is  polari^  and  launched  into  only  rate  polarization  mode  of  a  fibre  possessing 
polarization  mode  couplers  spaced  along  it.  An  analyzer,  placed  at  the  end  of  the  sensing  zone  and  axes  of 
which  are  (vientated  at  45^  from  those  of  the  fibre,  then  creates  a  set  of  polarimetric  interferraice  signals  with 
various  Optical  Path  length  Differences  (OPD).  If  the  spacing  between  OPDs  is  greater  than  the  source 
coherence  length,  e.g.  the  optical  filne  length  between  polarization  couplers  is  big  enough,  each  signal  can 
then  be  demultiplexed  by  white-light  coherence  technique.  The  measurement  of  die  phase  difference  between 
successive  signals  then  y^ds  the  polarimetric  information  between  each  couple  of  polarization  couplras. 

Polarization  mode  couplra^  is  a  keypomt  of  such  a  system.  Ideally,  it  should  not  degrade  the 
optical  and  mechanical  properties  of  the  critical  fibre  and  should  be  easily  and  rqiroducibly  implemented.  It 
must  have  a  wide  spectral  iKuidwidth  because  of  the  tnoad  spectrum  source  and  also  provide  with  low  power 
coupling  ratio  siiKe  the  system  crosstalk  is  proprational  to  it 

Implementadon  of  such  cou|ders  with  mechanical  squeezras  were  reported^.  However  putting 
such  squeezer  on  the  fibre  implies  the  presence  of  a  mechanical  piece  on  the  fibre  which  could  be  detrimental  to 
sevrael  triplications.  An  equivalrait  technique  was  also  rqxiiled  fix'  coiqiling  two  transverse  modes^.  Othra 
work  used  chemical  etching  to  locally  supiness  the  filxe  birefringence^.  However  the  fibre  becomes  fragile  at 
this  point  which  again  is  detrimental.  An  alternative  technique  that  would  not  degrade  the  fibre  mechanical 
prcqiraties  would  be  to  use  photoinduced  grating.  Photoindu^  reflection  Bragg  gratings  were  first  reported 
with  internal  illumination  at  488  nm^.  An  equivalent  technique  was  used  to  couple  transverse  modes^  as  well 
as  polarization  modes^.  However  such  internal  illumination  suppose  the  grating  is  used  at  the  same 
wavelength  as  the  wavelength  of  exposure  e.g.  around  488  nm,  which  impedes  the  use  of  classical 
semiconductor  sources.  Experiments  have  been  made^^  to  overcome  this  point  by  using  the  beat  length 
dispersion  which  allowed  an  operation  at  720  nm.  However,  this  is  still  not  at  the  800  nm  band,  and  qiedal 
and  rqxoducible  design  of  the  filne  would  be  needed.  Moreover  such  couplras  can  hardly  be  put  at  any  desired 
location  on  the  filxe. 

However,  it  was  shown  that,  with  a  higher  efficiency  band  around  244  nmll42,  Bragg 
reflection  grating  could  be  realized  through  holographic  external  illumination ,  which  potentially  allows  Bragg 
opraation  at  any  desired  wavelength  and  any  location  on  the  fibre. 


286 


We  here  report  the  fabrication  of  polarization  modes  couplers  made  by  an  externally 
photoinduced  grating,  period  of  which  is  matched  to  the  fibre  beat  length.  The  grating  is  simply  created  by  the 
transverse  illumination  of  the  Ge-doped  core,  through  a  periodic  transmission  rnaskl^,  by  the  beam  of  a  KrF 
laser  emitting  at  248  nm.  This  technique  is  simple,  the  coupla*  can  be  located  wherever  needed  on  the  fibre  and 
nothing  has  to  be  installed  on  the  fibre.  Furthermore,  a  low  numbo^  of  periods  allows  the  obtention  of  wide 
spectral  bandwidth  and  low  coupling  ratio,  which  are  both  favourable  for  white-light  quasi-distributed  systems. 

Grating  fabrication 

The  scheme  of  the  experiment,  including  the  coherence  monittning  of  the  obtained  amplitude 
coupling,  is  rqnesented  in  Figure  1: 


SLD 


Expanded  view 


Figure  1  -  Scheme  (rf  the  grating  fabrication  and  cohoence  monitoring  of  the  coupling.  P  and  A  are  the 
polarizer  and  analyzer;  The  lead  out  from  A  is  through  a  Single  Mode  Fibre  (SMF) 

The  measurement  of  the  resulting  coupling  is  based  on  the  "white-light"  quasi-distributed 
configuration.  The  optical  fibre  is  of  the  Hi-Bi  type  and  suited  to  work  at  this  wavelength.The  source  is  a 
Superluminescent  diode  emitting  around  800  nm.  The  receiving  interferometer  is  of  the  Michelson  type.  Its 
OPD  is  locked  on  the  group  OPD  between  the  two  polarization  modes  created  by  the  propagation  from  the 
polarization  coupler  to  the  analyzer.  The  PZT  ramping  of  one  its  mirrcH’  is  then  used  to  measure  the  index  of 
modulation  m  of  the  resulting  signal,  which  is  given  by:  m  =  K  mQ.  Here,  K  is  the  amplitude  coupling  ratio 
of  the  polarization  coupler  and  mo  is  the  index  of  modulation  of  the  Michelson  at  zero  OPD.  The  latter  value 
was  measured  to  be  95%.  The  measurement  of  m  therefore  yields  the  desired  K  value. 

To  realize  the  polarization  coupler,  a  pulsed  KrF  laser  emitting  at  248  nm  is  used.  Its  output 
beam,  of  about  20  x  25  mm^,  passes  through  a  cylindrical  lens  that  shapes  the  beam  on  the  fibre.  Before 
incoming  on  the  fibre,  the  beam  passes  through  a  mask,  transmission  of  which  is  periodic.  The  fibre  core  is 
therefore  periodically  illuminated.  Here,  a  simple  periodic  grid  was  used.  Such  simple  technique  is  possible  due 
to  the  required  period  of  the  order  of  1  mm  (the  fibre  beat-length). 

In  order  to  have  efficient  coupling  the  grating  period  p  must  be  equal  to  the  fibre  beat  length 
at  the  source  center  wavelength  Xq,  that  is;  p  =  X^An  where  An  is  the  fibre  birefringence  e.g.  the  difference 

between  the  effective  indices  of  both  polarizations.  In  order  to  find  the  optimum  p  value,  experiments  were 
made  with  diffoent  grating  periods. 
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We  have  represented  in  Figure  2a,  the  amplitude  coupling  coefficient  K  vs  the  value  of  p  for 
a  grating  with  twelve  pCTk)ds.Such  low  number  of  periods  is  taken  to  have  wide  spectral  bandwidth  and  low 
power  coupling  ratio.  A  numbo’  of  400  pulses,  each  with  a  power  density  on  the  fibre  of  the  order  of  0.2 
J/cm2>  was  used  in  this  experimrat.  It  must  be  noted  that  a  saturation  of  the  coupling  coefficient  value  begins 
to  occur  above  400  pulses.  A  maximum  is  found  around  1.S6  mm  which  theref(»e  corresponds  to  the  fibre 
beat  length.  The  FWHM  bandwidth  of  the  grating  period  is  about  0.13  mm.  The  beat  length  of  1.S6  mm  is  to 
be  compared  to  the  group  beat  length  e.g.  ,  where  ^g=An-X  d(An)/dX.  The  latter  is  directly  obtained  in 

the  coherence  technique  since  the  Michelson  OPD  must  be  egal  to  Ang  1. 1  being  the  distance  between  the 
polarization  crxqrler  and  the  analyzo'.  The  group  birefringence  is  measured  to  be  1.47  mm,  which  conffims  that 
An  has  a  lower  value  than  Ang. 

We  have  also  represrated,  in  Figure  2b,  the  amplitude  coupling  coefficient  versus  the 
number  of  periods  in  the  grating,  to  instance  to  a  period  value  of  1.6  mm.  A  lineiu'  behaviour  is  observed. 


Mask  period  (mm) 


Hgure  2  -  Amplitude  coufding  coefficient  Figure2b-Amplitude  coupling 

vs  the  period  value  to  12  lines  coefficient  vs  the  number 

grating  of  lines  for  a  period  of  1.6  mm 

Pnlarizatkwi  couplers  to  white-light  quasi-distributed  nolarimetric  sensors 

Such  polarization  couplers  are  very  interesting  to  white-light  quasi-distributed  polarimetric 
sensors,  because  reproducible  low  coupling  values  are  obtained.  Such  low  coupling  values  lowers  the  level  of 
crosstalk  which  is  {Htqxxiional  to  the  power  coupling  ratio.  This  means  that  a  1%  amplitude  coupling  value 
generates  a  crosstalk  prt^xvtional  to  1(H  which  allows  to  increase  the  number  of  sensing  zones  on  the  fibre. 
On  the  other  hand  an  index  of  modulation  of  1%  still  yields  very  precise  measurements  with  such  sensors  ( 
sensitivity  to  strain  is  to  instance  of  the  order  of  100  mrd/|im). 

One  keypoint  is  the  filtering  properties  of  such  grating  coupler  w.r.t.  the  source  q)ectrum 
and  finally  its  influence  on  coherence  multiplexing.  Using  a  twelve  periods  photoinduced  polarization  coupler, 
we  have  represented,  in  figure  3,  the  oscilloscope  trace  of  the  AC  part  of  the  coherence  demultiplexed  signal 
detected  at  the  ouqnit  of  the  Michelson  receiver,  when  the  OPD  of  to  latter  is  ramped  with  a  PZT . 
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Figure  3-Coherence  demultiplexed  signal  (one  Michelson  mirror  is  PZT  ramped) 

The  OPD  variation  at  1/e  is  12  ^m,  unchanged  from  the  value  obtained  at  zero  OPD  of  the 
Michelson.  This  means  that,  for  such  a  number  of  periods,  the  source  spectrum  is  not  altered  and  coherence 
multiplexing  with  minimum  spacing  between  polarization  couplers  is  therefore  feasible.  This  is  not  surprising 
since  the  grating  period  bandwidth  of  0.13  mm  should  yield  a  spectral  bandwidth  of  70  nm  which  is  to  be 
compared  to  the  source  spectrum  FW  at  1/e  of  around  20  nm.  This  means  that  a  even  higher  number  of  lines 
could  be  used  in  order  to  increase  the  amplitude  coupling  coefficient  if  required. 

Finally  three  such  couplers,  with  reproducible  coupling  values,  were  spaced  alc-^  one  fibre 
and  coherence  demultiplexed  using  the  Michelson  receiver. 

Conclusion 


Polarization  mode  couplers  were  implemented  in  fUghly-Birefnngent  fibre  with  a  grating  realized 
by  uansverse  illumination,  through  a  periodic  transmission  mask,  with  a  KrF  laser  emitting  at  248  nm.  Such 
polarization  couplers  with  low  amplitude  coupling  values  of  the  order  of  1.3%  and  wide  spectral  bandwidth 
were  realized  for  white-light  quasi-distributed  polarimetric  sensors.  It  was  further  shown  that  the  coherence 
properties  of  the  system  were  unaltered  because  of  the  coupler  wide  spectral  bandwidth,  and  that  even  a  high^ 
number  of  lines  could  be  used  if  required.  Three  such  polarization  couplers  were  spaced  along  the  same  fibre  and 
coherence  demultiplexed. 


Acknowledgments 


This  study  was  made  under  contract  from  the  ”D616gation  G6n6rale  pour  I’Aimement-Diiection  des  Recherches, 
Etudes  et  Techniques". 

References 

1.  M.  Turpin,  D.  Rojas,  C.  Puech,  Congrte  MESUCORA,  1988,  PARIS,  33-41. 

2.  V.  Gusmeroli,  P.  Vavassori,  M.  Martinelli,  OFS'89,  PARIS,  pp  513-518. 

3.  P.  Sansonetti,  JJ.  Guerin,  M.  Lequime,  SPIE  "Smart  Structures  and  Skins  IV",199I. 

4.  H.C.  Lefevre,  SPIE  "Fiber  Optic  and  Laser  Sensors  V",  1987,838,  pp  86-97. 

5.  G.  Kotrotsios,  O.  Parriaux,  OFS'89,  PARIS,  pp  568-574. 

6.  MJ.  Marrone,  C.A.  Villamiel,  Appl.  Opt.,  2^16),  1987,  pp  3194-3195. 

7.  K.O.  Hill,  Y.  Fujii,  D.  Johnson,  B.S.  I^wasaki,AppI.Phys.Lett,32(10),1978,pp  647-649 

8.  H.G.  Park,  B.Y.  Kim,  Elect,  lett., 25(12),  1989,  pp  797-799. 

9.  P.  ST.  J.  Russell,  D.P.  Hand,  Elect.  Lett,  26(22),  1990,  pp  1846-1848. 

10.  F.  Ouellette,  Electr.  Lett.,  25(23),  1989,  pp  1590-1592. 

11.  G.  Meltz,  W.W.  Morey,  W.H.  Glenn,  Optics  Letters,  14(15),  pp  823-825. 

12  R.  KashyapJ.R.  AnnitageJi.Wyatt,S.  DaveyJ).  Williams^ lect.  Lett.,26(ll),pp  730-732 

13  P.  Sansonetti,  French  Patent  N°  90  01345,  February  1990. 


291 
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Abstract 

The  parasitic  birefringence  modulation  which  can  occur  in  fiber  transducers  under  normal  phase 
modulation  conditions  is  assessed  and  compared  to  a  theoretical  model.  We  also  demonstrate  that 
the  effect  is  compensated  for  by  using  a  polarization  independent  interferometer  configuration. 

Introduction:  The  state  of  polarization  (SOP)  of  the  light  in  interferometric  sensor  systems  is 
important  from  two  principal  viewpoints;  ^tly,  with  regard  to  signal  fading,  which  occurs  when 
the  mixed  optical  fields  b^ome  orthogonal  [1],  and  s^ondly  with  regard  to  induced  phase  noise, 
which  can  occur  as  a  result  of  fluctuations  in  the  SOP  of  light  coupled  to  a  frber  interferometer 
[2].  An  issue  which  has  been  largely  overlooked  to-date  is  the  parasitic  SOP  modulation  effect  of 
light  in  an  interferometer  due  to  the  birefringence  modulation  which  can  occur  in  a  fiber 
transducer  under  normal  phase  modulation.  Generally,  this  weak  effect  is  of  minor  importance, 
however,  in  systems  where  a  large  phase  signal  is  nulled  utilizing  feedback,  this  parasitic 
birefringence  modulation  effect  mi^fies  the  level  of  residual  phase  shift  signal  present  in  the 
output,  leading  to  drift  Here  we  analyze  this  effect  for  the  case  of  bending  and  tension-induced 
birefringence  of  fiber  wound  on  a  cylindrical  transducer,  and  measure  its  magnitude  for  various 
nber-coiling  diameters.  We  also  show  that  this  effect  is  compensated  for  by  utilizing  a  recently 
demonstrate  polarization  independent  frber  optic  Michelson  interferometer  configuration  [3,4]. 

Theory:  For  a  frber  wound  under  tension  giving  rise  to  an  axial  strain,  £2,  on  a  cylindrical 
transducer  of  radius  R,  the  induced  birefringence  ^is  given  by 

B=  &  +  a®!.  (1) 

^  R2  R 

where  ^  are  the  pure  bending  and  tension-coiled  birefringence  coefficients  [5,6].  The 
phase  dinerence  between  two  polarization  modes  is  thus 

♦xy  *  fx  •♦y  =  PL  .  2)iN{S  +  C,C,}  (2) 

where,  L  is  the  total  length  of  frber  on  the  transducer,  i.e.  L  =  2itNR,  with  N  the  number  of  frber 
turns.  Radial  modulation  of  the  transducer  results  in  a  modifrcaticm  of  the  birefringence  in  the 
frber.  The  resultant  change  in  the  phase  difference  ()>  is  given  by 

|$xy  _  27cN{-S  +^t§!z)  (3) 

^  R2  5R 

The  factor  (^z^r)  relates  the  change  in  axial  tension  to  the  change  in  radius.  For  an  incremental 
increase  in  radius  AR  (AR  «  R),  the  axial  strain  of  the  fiber  increases  by  Ae  = 
consequently  equation  3  becomes: 


2nN  {-£b  +  q  } 
TP  R 


(4) 
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The  mean  phase  delay  of  the  light  passing  through  the  transducer  is 

5  ^  271  n  L  ^  Aifin  RN.  (5) 

^  X  X 

The  phase  modulation  due  m  a  change  in  radius  is  given  by: 

^  ^  411^11  CN.  (6) 

where,  C  =  ( 1  -  index  of  the  fiber,  o  Poisson’s  ratio,  and 

Pockels  strain  optic  coefficients.  %e  ratio  of  polarization-mode  phase  delay  (retardance; 
modulation  to  the  mean  phase  delay  modulation  for  a  finite  change  in  radius  dR  is  thus 

^  =  (S<>xy/5R)AR  ,  _X _ |-S  +q].  (7) 

A$  (8^gR)AR'  2ltRN 

As  an  example  of  the  magnitude  of  this  effect,  for  a  80  |im  OD  silica  fiber  wound  on  a  transducer 
of  diameter  2R  =  2.5  cm,  the  ratio  has  a  magnitude  of  1.87  lO'^  (It  is  interesting  to 

note  that  for  this  example  the  tension  coiled  birefringence  is  the  dominant  effect  by  a  factor  of 
-KXX):!).  As  a  result  of  this  birefringence  modulation,  the  phase  modulation  for  one  polarization 
component  on  passage  through  the  transducer  is  0.187  %  higher  than  that  for  the  other  in  the 
above  example.  In  most  systems,  this  simply  represents  a  minor  polarization-dependent  variation 
in  the  effective  scale  factor  or  responsivity  of  the  transducer.  However,  in  situations  where  it  is 
desirable  to  null  a  large  phase  shift  using  a  piezoelectric  cylinder  for  example,  this  variation  in 
responsivity  limits  the  ability  to  completely  null  the  signal.  For  example,  a  signal  of  1  rad.  rms 
would  give  rise  to  a  possible  1.87  millirad  rms  polarization-dependent  residual  phase  term  for  the 
transducer  dimensions  given  above.  This  limitation  can  be  a  problem  in  various  sensor  systems, 
particularly  those  employing  non-linear  phase  transducers,  such  as  magnetometers  based  on 
magnetostrictive  elements  [7]  and  sensors  those  based  on  the  type  of  transduction  scheme 
reported  in  ref.  8,  where  the  suppression  of  residual  phase  components  at  both  the  fundamental 
and  second  harmonic  of  the  ac  di^er  signal  is  important  for  optimal  performance  of  the  sensor. 

Experimental  system  &  results:  The  degree  of  birefringence  modulation  induced  in  a  cylindrical 
transducer  was  investigated  using  the  set  up  shown  in  Figure  1.  Light  in  one  arm  of  a  path- 
matched  fiber  interferometer  is  coupled  through  the  transducer  as  shown.  After  the  transducer,  a 
fraction  of  the  light  was  tapped  off  and  coupled  to  a  polarization  analyzer  comprising  rotatable 
fiber  waveplate  elements  (PC3)  and  a  rotatable  Gian  prism.  This  allowed  determination  of  the 
birefringence  modulation  induced  in  the  fiber  wound  on  the  transducer.  All  experiments  were 
conducted  using  nominally  80  nm  OD  fiber  with  a  soft  acrylate  coating  (~140  |xm  OD). 
Piezoelectric  cylinder  transducers  were  used  ranging  in  diameter  (2R)  from  12.7  mm  to  65  mm 
(0.5  to  2.55  in.).  Polarization  controllers  (PCi,  PC2)  located  at  the  input  fiber  and  immediately 
before  the  tran^ucer  allowed  to  SOP  of  the  light  at  various  points  in  the  system  to  be  manually 
adjusted.  The  interferometer  output  served  to  indicate  the  mean  phase  shift  induced  by  the 
transducer,  which  was  typically  set  at  >  IOtc  rads  peak.  Figure  2  shows  a  typical  output  observed 
with  a  25.4  mm  OD  transducer  for  two  conditions;  a)  with  the  light  in  the  transducer  in  both 
polarization  modes,  and  b)  with  the  light  in  one  mode  only,  l^e  lower  trace  in  Fig.  2.a. 
corresponds  to  a  mtkiulation  in  the  phase  delay  difference  A(t>xy  of  0.165  rads  pk-pk,  compared  to 
a  direct  interferometer  output  of  ~163  rad  pk-pk.  (i.e.  26  x  27C  pk-pk).  The  manifestation  of  this 
birefringence  modulation  as  a  change  in  the  visibility  of  the  interferometer  ouq)ut  is  also  clearly 
seen  in  this  figure.  Figure  3  shows  the  measured  dependence  of  {^^xy/^}  on  R  for  the  three 
transducers  investigated.  Also  shown  here  is  the  theoretically  expected  d^ndence  according  to 
Eqn.  7.  As  can  be  seen,  the  experimental  data  show  a  1/R  dependence,  as  theoretically  expected. 
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but  fall  short  of  the  predicted  magnitude  by  a  factor  ~  0.6;  this  may  be  due  to  the  effect  of  fiber 
coating  which  is  neglected  in  the  derivation  of  Eqn.  7. 

Figure  4  shows  the  set-up  used  to  investigate  the  elimination  of  variation  in  the  residual  signal 
with  polarization  changes  in  an  interferometric  system.  The  configuration  used  is  a  recently 
demonstrated  ‘polarization-independent’  Michelson  interferometer  [3,4]  with  ‘ortho-conjugate 
reflectors’  (OCR),  which  comprise  45°  Faraday  rotators  placed  immediately  before  the  mirrors  in 
each  arm.  With  this  set-up,  the  evolution  in  the  state  of  polarization  (SOP)  one  direction  through 
the  fiber  is  essentially  undone  in  the  reverse  direction,  thereby  providing  a  stable  and  optimiz^ 
output  visibility.  A  further  feature  of  this  scheme  is  that  the  SOP  of  the  returned  light  is  always 
orthogonal  to  that  of  the  input  light ,  and  consequendy,  the  two  birefringence  axis  of  a  transducer 
are  automatically  sampled  equally  on  the  double  passage  of  the  light.  This  leads  to  an  averaging 
effect  which  eliminates  the  polarization-dependent  fluctuation  in  the  amplitude  of  the  phase  shift 
induced  by  the  transducer. 

To  test  this,  a  phase  shift  signal  of  ~  63  rads  pk-pk  (10  x  27c)  at  ~  2  kHz  was  applied  to  one 
piezoelectric  transducer  in  one  arm,  while  a  compensating  signal  was  applied  to  the  other.  The 
transducers  used  were  25.4  mm  and  65  mm  OD  cylinders  to  provide  differing  ratios. 

Active  homodyne  stabilization  of  the  interferometer  was  used  to  lock  the  system  in  quadrature, 
allowing  the  residual  phase  carrier  amplitude  to  be  observed  at  the  photodetector  outputs.  Figure 

5.a  shows  the  variation  in  the  residual  phase  shift  signal  observed  without  the  Faraday  rotators  in 
the  system.  Here,  the  phase  shift  was  initially  nulled  to  a  level  ~  <1  millirad,  then  monitored  with 
variation  of  the  input  SOP;  this  resulted  in  a  ~±  20  millirads  variation  in  the  residual  phase 
amplitude  (the  elements  of  PC2  were  set  to  ensure  no  variation  in  visibility  occured  with  input 
SOP  adjustment).  With  the  Faraday  rotators  in  place,  the  same  variation  in  input  SOP  gave  rise  to 
a  reduced  variation  of  the  residual  phase  signal  by  a  factor  ~  50  (-36  dB). 

Conclusions:  We  have  investigated  the  birefringence  modulation  in  fiber  optic  transducers  which 
occurs  during  noimal  phase  modulation.  We  have  characterized  the  effect  for  various  coiling 
diameters  (R),  and  shown  that  the  effect  is  is  characterized  by  a  1/R  dependence.  We  have  also 
demonstrated  that  the  effect  can  be  compensated  for  by  using  a  polarization  independent 
Michelson  interferometer  configuration. 

This  work  is  supported  in  part  by  the  Office  of  Naval  Technology. 
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Figure  1 .  System  used  to  characterize  birefringence  modulation  in  fiber  transducers. 


294 


NormaliMtf  Birefringence  Modulation,  abs.  uni 


Figure  2.  Interferometer  output  driven  with  multiple  In-deviation  phase  shift  (26  x  27tpk-pk) 
signal  applied  ( upper  trace),  and  polarization  modulation  detected  at  the  output  of  the  Gian 
prism  ( lower  trace)  with  the  SOP  of  the  light  in  the  transducer  fiber  exciting  (a)  both 
birefringence  axes,  and  (b)  predominately  one  birefringence  axis  of  the  of  the  transducer  fiber. 


Figure  3.  Measured  dependence  of  the  ratio 

with  coiling  diameter  2R.  Solid  line  shows  theoreti^ 

curve  according  to  Eqn  7. 


Figure  4.  Experimental  system  used  to  demonstrate 
the  effect  of  residual  phase  amplitude  drift,  and  its 
compensation. 


Figure  5.  Measured  variation  in  residual  phase  shift  amplitude  with  input  SOP: 
(a)  without  Faraday  rotator  elements,  and  (b)  with  Faraday  rotators.  (30  sec—*  ) 
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Over  the  last  several  years,  there  has  been  a  growing 
interest  in  the  use  '‘of  integrated  otpic  (lO)  cosponents  and 
circuits  in  fiber  optic  sensor  systems.  Initial  work  on 
Integrated  optic  sensors  focused  on  the  use  of  10  chips 
themselves  as  sensors  for  temperature  and  pressure.  More 
recently,  integrated  optics  has  generally  been  employed  to 
perform  key  optical  signal  processing  functions  in  a  fiber  sensor 
or  as  a  signal  transduction  mechanism  for  an  electrooptic  sensor 
system.  This  paper  will  focus  on  these  latter  applications. 
Emphasis  will  be  on  chips  for  fiber  optic  gyroscopes,  laser 
vibration  sensors,  and  electromagnetic  field  sensors.  In  many 
cases,  recent  advances  in  chip  technology  such  as  annealed- 
proton-exchange  waveguides  in  LiNbO^  and  LiTa03,  has  enhanced 
circuit  performance  and  manufacturability,  making  lO  technology  a 
viable  choice  for  the  fiber  sensor  designer. 
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Introduction 

Power  of  resolution  of  a  fault  locator  has  been  improving  by  leaps  and  bounds.  The  best 
values  reported  so  far  are  of  an  order  of  millimeters  and  the  locators  are  primarily  used  for 
finding  faults  in  the  bulk  media  such  as  breaks  in  an  optical  fiber. 

This  paper  reports  the  achievement  of  improvement  by  1,000  times  over  the  current 
resolving  power  of  the  fault  locators  by  widening  the  range  of  the  frequency  shift  of  the  laser 
source.  The  power  of  resolution  of  an  order  of  microns  was  achieved  and  it  wais  demonstrated 
that  such  a  fault  locator  can  detect  the  faults  in  such  an  integrated  optics  devices  as  an  optical 
guide.  It  was  even  possible  to  make  a  non-destructive  measurement  of  the  cross-section  of  an 
optical  fiber.  It  was  also  made  possible  to  quantitatively  measure  the  anisotropy  of  a  lithium 
niobate  crystal.  Moreover  an  IR  laser  beam  being  used,  it  was  possible  to  see  through  such 
optically  opaque  media  as  Si  or  GaAs  wafers. 

Principle  of  operation 

The  present  fault  locator  uses  the  CW  oscillation  of  the  laser  diode  source.  The  carrier 
frequency  of  the  source  was  stepwise  shifted.  The  distance  to  the  target  was  determined  by 
knowing  how  the  amplitude  and  phase  of  the  received  signal  changes  as  the  frequency  of  the 
source  steps.  Both  FFT  and  Neural  Network  were  tried  to  reduce  the  information  about  the 
distance  and  magnitude  of  the  scatters  in  the  targets. 

When  the  frequency  of  the  laser  beam  is  at  /  =  /©  -|-  n A /,  the  received  signal  Hn  is 

SifEo  fo  +  Af  ^ 

Hn=^  -^exp(j4?r - X*).  (1) 

k=o  ^ 

If  the  distance  Xk  is  also  quantized  as  Xk  =  Xo  +  kAX,  and  a  condition, 

2A/.AZ.Af  , 


is  imposed,  Fq.(l)  can  be  rewritten  as  a  form  of  DFT  after  some  mzmipulation  as 


'  *  fik 

^*exp(i27r— ), 


where  hk  contains  the  parameters  about  the  target[l][2][3].  Equation  being  a  form  of  the 
inverse  DFT,  the  simplest,  if  not  the  most  sophisticated  way,  of  obtaining  the  values  of  hk 
is  the  use  of  the  DFT.  In  this  paper  an  attempt  was  also  made  to  use  the  theory  of  Neural 
Network[4]  to  recover  hk- 
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Fig.  1  shows  a  layout  of  the  fault  locator.  An  external  cavity  controlled  laser  diode 
can  change  the  wavelength  of  the  output  light  as  much  as  lOOnm  from  1.5  to  1.6/zm.  The 
laser  beam  is  first  split  into  the  object  and  reference  beams  by  an  AOM  (Acousto  Optic 
Modulator).  The  AOM  not  only  split  the  beam  but  also  shifts  the  carrier  frequency  of  the 
reference  beam  from  that  of  the  object  beam  by  40MHz  which  is  later  used  as  IF  frequency. 

The  object  beam  is  focussed  into  the  target  optical  guide  and  the  reflected  object  beam  is 
mixed  with  the  reference  beam  at  ajx  APD  mixer.  The  40MHz  IF  frequency  from  the  mixer 
is  fed  into  the  network  analyzer  which  provides  the  amplitude  and  phase  of  the  reflected 
object  beam  with  respect  to  the  reference  beam. 

The  output  from  the  network  analyzer  is  then  put  into  either  an  FFT  or  Neural  Network 
processor  to  obtain  the  final  display  signal.  A  HeNe  laser  beam  was  mixed  with  the  object 
beam  through  an  optical  fiber  coupler.  The  HeNe  laser  beam  was  useful  for  aligning  the 
object  beam  to  the  target. 

The  resolution  AZ  of  the  fault  locator  is  increased  with  an  increase  in  the  total  shift  of 
the  frequency  NA f  m  seen  frrm  Eq.(2).  The  value  of  NA f  obtained  was  12.55THz  which 
corresponds  to  the  resolution  AZ  of  12/im  in  free  space  or  5.4^m  in  a  lithium  nibate  optical 
guide  used  cis  a  target. 

Experimental  results 

Fig.2  shows  the  display  of  the  fault  locator.  The  target  was  a  sheet  of  fused  silica  glass 
with  an  air  void.  The  horizontal  axis  of  the  display  is  the  distance  and  the  vertical  axis, 
the  scattering  amount.  The  over-all  dimensions  as  well  as  27/im  thick  void  is  accurately 
monitored  by  the  fault  locator. 

The  solid  line  is  the  display  obtained  by  the  DFT  processing  and  the  dotted  line  is  that 
obtained  by  the  Neural  Network  processing.  The  Neural  Network  processing  not  only  reduces 
the  background  noise  but  also  improves  the  sharpness  of  the  peaks  significantly. 

Fig.3  shows  the  cross-section  of  a  multimode  optical  fiber  type  EPF  by  Nippon  Sheet 
Glass.  The  indices  of  refraction  of  the  core  and  cladding  regions  are  1.59  and  1.52  respectively. 
The  object  beam  was  injected  perpendicularly  to  the  fiber  axis.  Such  a  fault  locator  may 
be  useful  as  a  monitor  during  the  fabrication  of  an  optical  fiber  because  the  cross-sectional 
information  can  be  obtained  with  neither  touching  nor  cutting  the  optical  fiber. 

Next,  a  thin  lithium  niobate  wafer  was  used  as  a  target  so  that  the  anisotropy  of  the 
crystal  be  determined.  The  optical  axis  of  the  lithium  niobate  was  in  the  plane  of  the  plate 
surface.  The  change  in  the  apparent  thickness  of  the  crystal  by  the  rotation  is  shown  in 
Fig.4. 

The  top  graph  is  for  the  case  when  the  direction  of  the  optical  axis  wcis  parallel  to  that  of 
the  polarization  of  the  incident  beam.  The  two  peaks  represent  the  front  and  back  surfaces  of 
the  crystal,  and  the  distance  between  these  represent  the  thickness  in  terms  of  the  wavelength 
in  the  crystal. 

The  middle  graph  is  for  the  case  when  the  direction  of  the  optical  axis  was  rotated  at 
45®  with  respect  to  the  direction  of  the  polarization  of  the  horizontally  polzu'ized  incident 
beam.  The  e  wave  component  whose  direction  of  polarization  is  parallel  to  the  crystal  axis 
and  the  o  wave  component  whose  direction  of  polarization  is  perpendicular  to  the  optical 
axis  are  simultaneously  transmitted.  The  peak  corresponding  to  the  back  surface  is  now 
split  into  two.  This  is  because  of  the  difference  in  the  wavelengths  of  the  two  waves  due  to 
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the  difference  in  the  indices  of  refraction  Ug  and  Uq. 

The  bottom  graph  is  for  the  case  when  the  direction  of  the  optical  axis  was  made  per¬ 
pendicular  to  the  polarization  of  the  incident  beam.  The  back  surface  peak  became  a  single 
peak  again.  The  thickness  of  the  crystal  appears  wider  than  that  in  the  top  graph. 

Reported  ratio  between  the  two  indices  of  refraction  of  the  LiNbOa  in  the  two  directions 
is  2.286/2.200  =  1.039.  Our  measured  ratio  between  the  apparent  thicknesses  is  1.033  and 
good  agreement  was  obtained. 

Now  that  the  achieved  resolution  was  5.4//m  (When  the  Neural  Network  processing  is 
used,  it  is  even  better),  it  is  feasible  to  use  the  device  to  find  the  faults  inside  an  optical 
guide.  A  score  of  a  predetermined  dimension  was  made  in  a  Ti  diffused  LiNbOa  optical  guide 
at  a  predetermined  distance.  The  display  from  the  fault  locator  is  shown  in  Fig. 5.  Insert 
of  the  graph  at  the  upper  left  corner  is  the  depth  profile  of  the  score  measured  by  a  profile 
meter.  The  middle  graph  is  the  display  by  the  fault  locator.  The  horizontal  axis  is  the 
distance  and  the  vertical  axis,  the  scatting  amount.  The  bottom  is  a  microscope  photograph 
of  the  optical  guide.  An  array  of  the  horizontal  lines  in  the  picture  represents  the  array  of 
optical  guides  one  of  which  was  used  and  the  vertical  lines,  the  score  made  on  the  wafer  by 
a  rotating  diamond  blade.  The  location  of  the  score  in  the  fault  locator  display  and  that  in 
the  photograph  match  well. 

Advantages  of  such  a  fault  locator  are  that  the  amount  of  scattering  can  be  measured  at 
the  same  wavelength  as  the  guide  is  operated  at  and  the  faults  can  be  located  even  when 
the  optical  guide  is  not  straight  because  the  object  beam  follows  the  path  of  the  guide. 

Conclusions 

A  fault  locator  with  5.4/im  resolution  was  reported.  Its  usefulness  as  a  denice  was  demon¬ 
strated  by  the  performances  including 

(1)  Fault  location  in  optical  guides, 

(2)  Cross-sectional  profile  of  an  optical  fiber, 

(3)  Faults  in  Si  and  GaAs  wafers, 

(4)  Anisotropy  of  a  crystal. 
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1.  Introduction 

Fibre  sensors  that  modulate  optical  intensity  can  be  very  simple  but  are  subject  to 
interference  from  attenuation  variation  in  the  downlead.  We  present  a  method  (Q- 
modulation)  of  compensating  such  interference  by  performing  a  differential 
measurement.  The  method  requires  neither  the  mechanical  precision  of  spectral 
modulation  sensors  /!/,  nor  the  bandwidth  of  time  of  flight  techniques  /2/.  In  Q- 
modulation  sensing,  the  intensity  modulation  produced  by  a  sensor  occurs  in  a  fibre 
resonator  as  shown  in  Fig.l.  The  transfer  function  of  the  resonator  for  the  intensity 
modulation  subcarrier  is  peaked  at  the  resonance  frequencies.  The  light  launched  into  the 
fibre  downlead  is  intensity-  modulated  near  the  fundamental  resonance  frequency.  The 
influence  of  loss  induced  by  the  sensor  is  detected  by  its  influence  on  the  quality  factor 
(Q)  of  the  resonator.  As  the  attenuation  of  the  sensor  increases,  the  loop  Q-  factor 
decreases,  and  the  frequency  response  peak  broadens.  The  ratio  of  the  modulation  factor 
at  resonance  to  that  off  resonance  decreases  with  increasing  sensor  attenuation  in  the 
loop. 

The  ratio  of  the  subcarrier  modulation  index  measured  at  the  receiver  off-  resonance 
to  that  of  at  the  resonance  frequency  provides  an  indication  of  the  Q-  factor  of  the  loop, 
and  is  independent  of  the  downlead  attenuation.  If  variations  in  loop  loss  are  known  to  be 
due  to  the  sensor,  the  Q  measurement  provides  a  robust  method  of  interrogating  it  Since 
the  method  uses  incoherent  optical  transmission,  it  can  be  used  with  multimode  fibre  and 
is  not  subject  to  mechanical  tolerances  on  the  optical  scale.The  wavelength  at  resonance 
is  of  the  order  of  centimetres  or  metres.  In  comparison  to  spectral  modulation  the  Q- 
modulation  technique  has  the  advantage  that  a  wide  optical  bandwidth  is  not  required  of 
the  transmitter,  and  in  consequence  considerably  higher  carrier  power  is  obtainable  by 
using  laser  diodes  rather  than  light  emitting  diodes  or  other  wideband  optical  sources.  In 
comparison  to  the  loop-TDM  approach  it  has  the  advantage  of  requiring  a  much  smaller 
loop  length  for  electronics  of  a  given  bandwidth. 
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3.Experiment 

An  experiment  was  undertaken  to  confirm  the  principles  of  Q-  modulation  sensing. 
To  explore  systems  for  simple  installation,  easily  handled  plastic  multimode  optical  fibre 
was  employed  in  combination  with  visible  light  emitting  diode  sources  (660nm).  A 
10.9m  loop  of  fibre  was  coupled  to  a  short  downlead  by  means  of  a  variable  plastic  fibre 
four-  port  coupler  developed  especially  for  this  project  (This  coupler  will  be  described 
elsewhere  .)  The  excess  loss  of  the  coupler  was  approximately  IdB,  and  that  of  the  fibre 
loop  about  4dB  at  the  wavelength  used.  The  mode  mixers  shown  in  Fig  1  at  the  inputs  to 
the  coupler  ensure  a  constant  mode  distribution  to  prevent  mode  selection  effects  on  the 
coupling  ratio.  The  mode  mixer  in  the  loop  is  formed  by  wrapping  the  fibre  into  a  coil  for 
packaging  with  the  sensor.  The  resonance  frequency  was  18.7MHz,  and  the  normalised 
measurement  frequency  was  0.786  (14.7  Mhz).  A  fairly  small  frequency  shift  was  chosen 
to  minimise  the  effects  of  nonlinearities  in  the  frequency  response  of  the  receiver.  Loss  in 
the  loop  representing  modulation  from  the  sensor  was  induced  by  misaligning  a  fibre 
connector  in  the  loop.  Similarly,  loss  in  the  downlead  was  induced  by  misaligning  the 
source  or  detector  connector  fibres.  Frequency  response  measurements  were  made  with  a 
network  analyser  using  a  10  kHz  noise  window,  and  the  ratio  between  the  resonance  and 
measurement  responses  was  read  off  the  netwoiic  analyser  directly. 

(Calculated  and  measured  sensor  calibration  etudes  are  shown  in  Fig.2  The 
measurement,  consisting  of  the  ratio  between  the  off  resonance  and  the  on-  resonance 
modulation  levels  is  plotted  as  a  function  of  the  loop  loss  for  two  different  settings  of  the 
variable  coupler.  The  power  division  ratio  of  the  coupler  depends  slightly  on  the  input 
port  used:  a  ratio  Xx  is  coupled  from  the  downleas  into  the  loop,  while  yx  is  coupled  from 
the  loop  into  the  return  lead.  The  combined  parasitic  losses  of  the  coupler  and  loop  were 
measured  to  be  5  dB,  and  coupler  ratios  of  Xx=0.725  ,yx=0.666  and  Xx=0.563,  yx=0.474 

were  determined  for  the  two  devices  studied.  The  calibration  of  the  device  is  in  excellent 
agreement  with  elementary  modelling  using  these  parameters.  While  it  is  nonlinear,  the 
calibration  can  be  seen  to  be  reliable  over  a  range  of  loop  loss  exceeding  ISdB.  We 
anticipate  that  the  use  of  high  power  optical  sources  such  as  diode  lasers,  and  an  optimum 
choice  of  normalised  frequency  will  yield  a  considerably  wider  measurement  dynamic 
range. 

The  system  exhibited  no  detectable  variation  in  the  measurement  of  the  sensor 
attenuation  for  fibre  downlead  attenuations  up  to  7dB,  at  which  point  the  receiver  noise 
became  influential.  We  anticipate  that  with  the  use  of  higher  power  optical  sources  such 
as  lasers,  and  glass  fibres,  very  high  isloation  of  the  measurement  from  the  downlead  can 
be  obtained. 

4.Implementation  issues 

The  Q-factor  modulation  technique  can  be  used  with  any  localised  or  distributed, 
single  or  multimode  fibre  sensor  whose  attenuation  changes  as  a  function  of  the 
measurement.  The  resonance  at  the  subcarrier  frequency  may  be  induced  by  a  fibre  loop, 
or  a  fibre  cavity  subcarrier  resonator  analogous  to  a  fibre  Fabry-  Perot  resonator.  With 
simple  electronics  designed  for  frequencies  in  the  lOMHz  range  such  resonators  will 
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typically  involve  a  few  metres  of  fibre.  The  technique  offers  the  possibility  of  using 
simple  optical  fibre  sensors  remotely  with  greatly  enhanced  accuracy  as  a  result  of  the 
differential  measurement.  We  anticipate  that  sensor  multiplexing  by  Q-  modulation  may 
be  possible  on  a  single  downlead  if  each  sensor  is  provided  with  a  resonant  cavity  at  a 
different  frequency. 


Acknowledgement 

This  work  is  sponsored  by  the  Telecommunications  Research  Laboratories. 


References 

1.  E.W.Saaski,  J.CHartl,  G.L.Mitchell,  "A  fibre  optic  sensing  system  based  on  spectral 
modulation"  Proceedings  of  the  Instrument  Society  of  America,  ^  ,ppl  177-1 181,(1986) 

2.  G.Adamovsky,  "All-  fibre  sensing  loop  using  pulse  modulated  light  emitting  diode", 
Electron.Lett,  21.  pp922-923, 1985 


RESONATOR 


Fig.l  Concept  of  a  Q-  modulation  sensing  system  using  a  loop  resonator.  In  the  experiments  the 
intensity-  modulation  sensor  operated  by  fibre  misalignment  and  the  transmitter  and  receiver  were 
connected  to  a  network  analyser  which  measured  the  frequency  response  of  the  loop  directly. 
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Fig.2.  Calculated  and  measured  calibration  curves  for  die  Q-  modulation  sensor  system. for 
coupler  crossover  ratios  Xx  =  0.725,  yx^.666.  uid  x^  »0.S63,  yx  =  0.474. .  The  curves  show  the 

ratio  betweoi  the  respmises  measured  tni  lestmance  and  at  a  normalised  frequency  of  0.786  as  a 
function  of  loss  indu^  in  the  model  sensor  by  film  misalignmenL 
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i  , Introduction 

The  non-contact  aeasureaent  of  three  diaenslonal  profiles  or  ainute 
displaceaent  is  iaportant  in  aany  fields,  including  the  asseably  of  various 
optical  coaponents.  We  have  developed  a  saall  optical  displaceaent  sensor  by 
using  polarization  aaintalning  optical  fiber  as  a  laser  beaa  guide  within 
O.lpa  reproducibility  using  focus  error  detection  techniques.  We  used  the 
critical  angle  aethod’  for  focus  error  detection. 

II  .Principle 

We  eaployed  the  critical  angle  aethod, because  it  has  a  higher  sensitivity 
than  other  focus  error  detection  techniques,  such  as,  the  astlgaatic  aethod^ 
or  the  knife  edge  aethod. 

Figure  1  shows  the  principle  of  the  critical  angle  aethod.  A  prisa  is 
positioned  at  a  critical  angle  to  the  optical  axls(Pi  to  Pa).  When  a  saaple 
surface  is  in  focus (Case  B),  reflected  light,  after  passing  through  an 
objective  lens,  becoaes  parallel  and  all  of  the  light  is  reflected  by  the 
prisa.  Thus  the  intensity  of  the  light  detected  by  the  two 
photodiodes (POi  ,PDa)  is  the  saae.  If  the  saaple  surface  is  close  to  the 
lens(Case  A),  the  reflected  light  which  coaes  into  the  prisa  becoaes 
divergent.  A  part  of  the  light  incident  on  the  upper  side  of  the  prisa  passes 
through  it,  as  the  incident  angle  of  light  becoaes  saaller  than  the  critical 
angle.  This  phenoaena  causes  a  difference  between  the  light's  intensity  which 
is  detected  by  the  two  photodiodes(PDi,PD2).  If  the  saaple  surface  is  distant 
to  the  lens(Case  C),  the  reflected  light  which  coaes  into  the  prisa  becoaes 
convergent.  A  part  of  light  incident  on  the  lower  side  of  the  prisa  passes 
through  it,  as  the  Incident  angle  of  light  becoaes  saaller  than  the  critical 
angle.  This  phenoaena  causes,  opposite  to  that  of  Case  A,  difference  between 
the  llidit's  intensity  which  is  detected  by  the  two  photodiodes (PDt ,PDa) . 
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■  .Desld 

Figure  2  shows  the  configuration  of  the  optical  head.  To  design  for  swall 
optical  head,  we  used  a  fiber  colllwator  as  a  light  source.  It  Is  coiposed  of 
a  polarization  aalntalnlng  optical  fiber  and  a  graded  Index  lens.  The  other 
side  of  the  optical  fiber  Is  coupled  to  a  laser  diode  of  TSOnw  wavelength  by 
a  lens.  The  light  colllwated  by  the  graded  Index  lens  Is  adjusted  S-polarlzed 
light  and  Is  reflected  by  a  polarization  bean  splitter.  The  light  reflected 
by  the  sawple  surface  Is  converted  to  P-polarlzed  llg^it  by  passing  twice 
through  a  quarter  wave  plate.  The  light  is  then  transwltted  through  the 
polarization  bean  splitter,  reflected  by  the  critical  angle  prlsis,  and 
finally  goes  Into  the  photodiodes.  Axial  dlsplaceaent( A  uw)  Is  calculated  by 
the  follow  expression. 


A  »kS  k: constant 


where 


(Pa-Pb)MPo-Pd) 
S= - 


Pa+Pb*Po*Pd 


(1) 

(2) 


Here,  Pa,  Pb,  Pc,  and  Po  represent  the  output  of  detectors  A,  B,  C,  and  D 
respectively. 

The  advantage  of  using  the  optical  fiber  colllwator  Is  not  only  the 
Miniaturization  of  the  light  source.  There  are  two  other  advantages.  One  Is 
that  It  Is  possible  to  get  a  circular  collliatlng  beam.  Generally,  the 
pattern  of  the  beam  from  a  laser  diode  Is  elliptical.  Therefore,  the  pattern 
of  a  collimated  beam  using  a  collimating  lens  and  that  of  a  focusing  beam 
using  an  objective  lens  are  elliptical.  A  beam  rectification  prism  Is  usually 
used  to  convert  an  elliptical  beam  Into  a  circular  beam.  A  fiber  collimator 
does  not  require  a  beam  rectification  prism  at  the  optical  head.  Another 
advantage  Is  that  It  Is  easy  to  replace  the  laser  diode  If  It  becomes 
damaged,  because  adjustment  of  the  optical  head  is  unnecessary  when 
exchanging  the  laser  diode. 

On  the  basis  of  the  above  investigation,  we  have  experimentally  made  an 
optical  head  as  small  as  dOmmx  BOmmx  lOOmm. 
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lY.ExperlBental  result 

Figure  3  shows  the  characteristic  curve  of  output  dependence  on 
dlsplaceaent  of  the  sensor.  We  used  a  reflecting  alrror  as  a  sample  surface, 
and  mounted  It  on  an  automatic  stage  which  moves  In  the  direction  of  the 
objective  lens.  The  horizontal  axis  represents  a  displacement  of  the  mirror 
measured  by  an  HP  Laser  System ( 5528A ) .  and  the  vertical  axis  represents  an 
output  of  the  sensor  by  equatlon(2).  We  obtained  0.1pm  reproduclblllty(3  o  ) 
using  this  sensor. 

Figure  4  shows  an  example  of  the  surface  roughness  measurement.  Here,  we 
used  a  turned  ZnS( Infrared  optical  part)  as  a  sample. 

V .Conclusions 

In  conclusion,  a  small  size  optical  displacement  sensor  has  been  developed 
by  using  a  fiber  collimator.  This  makes  It  possible  to  use  the  sensor  In 
narrow  spaces.  It  Is  expected  that  sensors  as  small  as  25mm x  25mm x  40mm  could 
be  constructed  by  using  an  aspherlcal  lens  Instead  of  a  microscope  objective 
lens. 

We  obtained  0.1pm  reproduclblllty(3a  )  using  the  sensor. 

References; 

DT.Kohno  et.al,  Appl.  Opt.,  Vol.27,  No.l,  January  1988 

2)K. Mitsui  et.al.  Opt.  Eng.,  Vol.27,  No. 6,  June  1988 


307 


Output  (S) 


2.0 


1 

\ 

vw«rwv*v 

\ 

i 

j 

i 

: 

- 

- T~l 

r . : 

; 

I 

i 

B - 

m 

[0.0 


■2.0 


Fig.  4  Exaric  vf  sirftti  mflMU  Misirtmt  if  tirnf  liSL 


306 


TH3.5  Proposal  Of  Ultra-High  Finesse,  Bi-directional  Vernier  Based 

On  Er-Doped  Fiber  Ring  Resonator 

Haruo  Okamura  and  Katsumi  Iwatsuki 
NTT  Transmission  Systems  Laboratories 
1-2356,  Take,  Yokosuka-shi,  Kanagawa,  238-03,  Japan 
Tel  +81  468  59  3219,  Fax  +81  468  59  3396 

1.  Introduction 

An  active  fiber  ring  resonator  has  very  recently  been  proposed(l)  that 
uses  an  Er-doped  fiber  amplifier(EDFA)  to  compensate  for  round-trip 
optical  loss,  thereby  enhancing  the  finesse.  The  prototype  linked  several 
commercially-available  optical  components  including  two  fiber-couplers  by 
fusion  splicing,  and  yet  attained  a  better-than-lOO-kHz  spectrum  resolution. 

Testing  such  a  high-resolution  resonator,  however,  has  been  difficult 
because  light  sources  narrower  in  linewidth  than  the  resonator  passband  are 
not  freely  available.  Moreover,  the  prototype  resonator's  length  is  ~24  m 
[free  spectral  range(FSR):~8.5  MHz]  mainly  because  of  the  length 
requirement  of  the  EDF.  If  the  FSR  were  much  wider,  such  resonators 
would  be  far  more  useful  as  wide-band  spectrum  analyzers  and  mode- 
selectors  or  filters.  Reported  vernier  structures  for  FSR  expansion(2)-(4), 
however,  consist  of  two  or  more  concatenated  but  independent  resonators. 
Thus  they  suffer  from  instability  in  addition  to  complexity. 

This  paper  presents  a  narrow  resonant-linewidth  measurement 
technique  which  does  not  demand  an  even  narrower-linewidth  light.  Also 
proposed  is  a  simple  bi-directional  vernier  configuration  of  the  Er-doped 
fiber  ring  resonator  that  effectively  realizes  wide  I^R. 

2.  Theory 

Finess  enhancemendX)  Fig.  1  shows  a  typical  two-coupler-type  active 
resonator.  The  finesse  F  in  sharp  resonance  is  approximated  as  F*7cVa/(1- 
A),  where  1  -Tl )( 1  -y)(  1  -K),  G  is  optical  amplifier  gain,  and  y 

and  K  are  the  fractional  intensity  loss  and  intensity  coupling  coefficient  of 
the  input  coupler.  Fibre  attenuation,  propagation  constant  and  the  fiber  ring 
length  are  a,  p  and  L,  respectively.  The  fractional  over-all  loss  in  the  ring 
is  T].  Therefore,  the  appropriate  value  of  G  makes  "A"  unity  and  the  finesse 
infinity.  Fig.2  shows  calculated  finesse  as  a  function  of  G. 

Resonant  linewidth  measurement  The  "mode-filtered  heterodyne 
method"  proposed  here  is  outlined  in  Fig.  3.  Highly  resonant  passbands  are 
known  to  have  a  Lorentzian  form.  Therefore,  if  two  resonator-passbands 
are  simultaneously  illuminated  by  two  uncorrelated  broad-band  lights,  the 
RF-beat-noise  linewidth  should  be  twice(5)  the  resonant  linewidth. 
Bidirectional  vernier  resonator  The  resonant  light  in  one  direction  is 
fed  into  the  same  ring  in  the  opposite  direction.  The  EDFA  operates  bi- 
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directionally.  Here,  a  selective  double-path  module  is  needed  to  develop 
different  FSRs.  Suppose  each  resonator  has  similar  finesse  Fcw~Fccw  but 
different  length  Lccw>Lcw,  then  FSRcw+ccw=cxFSRcw=(a+l)FSRccw 
where  cc(integer)=(Lcw/Lccw)/(l-Lcw/Lccw).  Here,  Lew  and  Leew  have  to 
be  chosen  such  that  the  value  of  a  is  as  close  to  an  integer  as  possible.  Under 
the  condition  that  the  next-higher  modes  are  to  be  reduced  by  20  dB,  the 
effective  finesse  is  raised  to  0.32FcwFccw*  The  overlapped  passband 
narrows  to  64%(3). 

3. Experiment  and  results 

Experimental  set-up  Fig.  4  shows  the  fusion-spliced  all-PANDA  bi¬ 
directional  ring  resonator.  The  ring  length  is  ~24  m,  a  15-meter-length  of 
which  is  a  300-ppm-Er-doped  PANDA  fiber  pumped  with  a  1.48-|j.m 
Fabry-Perot  LD.  A  circulator  was  used,  in  which  the  optical  path  difference 
was  made  adjustable  by  changing  reflecting  fiber  lengths.  Polarization 
cross-talk,  return  loss  and  insertion  loss  of  the  fabricated  circulator  were 
measured  as  -25  dB,  55  dB  and  2.7  dB,  respectively.  A  1-nm  bandpass  filter 
tuned  the  resonator  from  1549.3  nm  to  1552.1  nm  and  prevented  spurious 
lasing. 

linewidth  measurement  To  create  two  uncorrelated  lights,  a  340  kHz- 
linewidth  laser  light  was  fed  to  a  Mach-Zehnder  interferometer(M-Z).  One 
arm  had  an  intensity  modulator  sinusoidally  driven  at  -'8.5  MHz(=FSR)  to 
generate  sidebands.  The  other  arm  was  5-km  of  fiber  to  eliminate 
correlation.  Detected  beat-noise  linewidth  decreased  with  the  LD  pump 
power  until  the  commencement  of  lasing.  Fig.  5  shows  the  uni-directional 
finesse  thus  measured,  in  which  the  narrowest  linewidth  was  15'- 17  kHz  ( 
finesse:560~500). 

Vernier  resonator  Fig.  6(1)  shows  the  35  MHz  LD  light  spectrum  used 
as  the  resonator  input  as  observed  with  a  scanning  Fabry-Perot 
interferometer(FSR:6  GHz,  finesse:'-6000).  Fig.  6(2)  is  an  observed  uni¬ 
directional  output  spectra  having  a  ~8.5-MHz  spacing.  Fig.  6(3)  is  an 
observed  bi-directional  output  spectra  with  a  ~2  m  path  difference,  in 
which  only  one  dominant  spectrum  with  negligibly  small  side-spectra  was 
observed.  This  confirms  the  vernier  effect.  Here,  FSRccw=7.85  MHz  and 
FSRcw=8.5  MHz.  Therefore,  FSR  cw+ccw=102  MHz.  And,  Fcw+ccw= 
9375  ifFcw=Fccw=  500. 

Fig.  6(4)  is  the  bi-directional  output  spectra  observed  with  a  0.25-m 
path  difference.  Though  it  was  unstable,  spectra  similar  to  Fig.  6(3)  was 
observed.  Here,  FSRccw=8.41  MHz,  FSRcw=8.5  MHz.  Therefore, 
FSRcw+ccw  —816  MHz.  And,  Few+cew—  75000  if  Few— Feew— 500. 

4.  Discussions. 

Though  the  vernier  effect  was  experimentally  confirmed,  several 
issues  still  exist  to  stably  and  effectively  expand  the  FSR.  They  are:(l) 
EDFA  gain  stabilization  (2)Resonator  length  locking  to  the  optimum 
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vernier  condition  (3)Minimizing  the  effect  of  loss  and  gain  dependence 
on  signal  propagation  directions(6). 

The  all-optical  feedback  scheme(7)  is  applicable  to  automatically 
offset  the  loss  fluctuation^  thereby  clamping  the  highest  finesse.  Also 
note  that  when  using  the  bi-directional  resonator  as  a  spectmm  analyzer, 
the  ring-length  scanning  would  degrade  the  frequency-overlap  sharpness 
because  common  scanning  results  in  a  different  scan  ratio  for  each 
resonator.  This  problem  is  avoided  by  scanning  the  input  signal 
frequencies. 

S.Conclusion 

The  vernier  effect  of  the  proposed  bi-directional  Er-doped  fiber 
ring  resonator  was  experimentally  confirmed.  The  "mode-filtered 
heterodyne  method"  measured  a  narrow  resonant  linewidth  with 
conventional  light  sources.  This  method  confirmed  that  the  narrow  uni¬ 
directional  passband  of  15-17  kHz  (finesse:560~500)  was  achieved. 
Though  several  important  issues  still  exist,  experiments  and  a  theoretical 
analysis  revealed  the  possibility  of  extremely  high  finesse  enhancement, 
even  as  high  as  75000(effective  FSR:816  MHz,  linewidth:  10.88  kHz). 
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1.  INTRODUCTION 

There  has  been  a  remarkable  development  of  chemical  fiberoptic  sensors  in  recent  years.  The  first  chemical 
fiberoptic  sensor,  which  was  a  sensor  for  detecting  ammonia,  was  described  in  1976'.  Since  then,  investigations 
have  been  made  of  numerous  parameters,  from  pH^  to  gases^;  from  antibodies^  to  metallic  ions .  This 
particularly  intense  interest  is  completely  justified,  both  because  the  detection  of  chemical  parameters  is 
extremely  important  in  many  industrial  and  chemical  processes,  in  enviromnental  ccmtrol  and  in  the  biomedical 
field;  and  also  because  chemical  fiberqitic  sensors  offer  considerable  advantages  compared  to  traditional  sensors. 

In  industry  the  possibility  of  perfecting  remote-detection  measurements  in  a  hostile  environment  and  of 
achieving  continuous  monitoring  of  the  parameter  under  investigation  is  often  essential.  The  monitoring  of 
oxygen  or  gases  in  general  in  potentially  hazardous  or  explosive  environments^,  the  on-line  definition  of  uranium 
in  nuclear  industries^,  the  in-situ  analysis  of  metallic  ions  (copper,  etc.)  in  galvanic  baths^  are  only  a  few 
examples  of  situations  in  which  chemical  fiberoptic  sensors  have  already  been  applied  in  industry. 

In  environmental  analyses,  the  possibility  of  performing  continuous  in-situ  controls  without  having  to  resort 
to  drawing  samples  is  of  great  importance,  and  is  often  a  winning  characteristic  for  fiberoptic  sensors,  as  can 
be  wimessed  by  the  use  -  already  underway  -  of  sensors  for  the  detection  of  gases  (methane,  pre^ane,  etc.)^  and 
of  cancerogenous  or  highly-toxic  (e.g.  foimaldehyde)^  pollutants  for  the  detection  of  traces  of  organochlmides 
and  other  pollutants  in  aqueous  water-drainage  coming  frtnn  industrial  processes  or  in  water  wells'-’. 

But  it  is  perhaps  in  the  biomedical  field  that  the  detection  of  chemied  parameters  by  means  of  optical  fibers 
has  had  its  greatest  development:  their  high  degree  of  miniaturization,  considerable  geometrical  versatility,  and 
extreme  manageability  make  it  possible  to  perform  a  cemtinuous  monitoring  of  numerous  parameters,  thus 
enabling  the  performances  of  services  which  are  often  "unique"'":  "in  vivo"  analyses  of  numerous  parameters 
present  in  the  blood  (such  as  pH,  oxygen  partial  pressure,  carbon  dioxide  partial  pressure,  calcium,  potassium, 
glucose);  "in  vivo"  measurement  of  enterogastric  reflux;  analysis  of  enzymes  and  antibodies. 

Besides  the  unquestionable  advantages  described  above,  however,  several  aspects  should  be  kept  in  mind 
which,  should  they  be  overlooked,  could  compromise  the  functionality  and  performance  of  the  sensor: 

*  there  often  exists  a  transfer  of  mass  between  the  external  environment  and  the  sensor  since  the  optically 
sensitive  reagent  and  the  investigated  species  can  be  in  different  phases,  which  fact  is  translated  into  a 
lengthening  of  the  response  time; 

*  since  the  optically-sensitive  reagent  is  often  an  organic  compound,  particular  attention  must  be  paid  to  the 
long-term  stability  and  to  the  [^otodecompositicxi; 

It  should  be  emphasized,  however,  that  these  problems  can  be  overctnne  in  part  by  using  special  expedients, 
for  example  by  means  of  a  careful  advance  spectrophotometric  analysis  that  will  mate  it  possible  to  cl^se  the 
best  sensitive  reagent. 

2.  OPERATING  PRINCIPLE 

Fiberr^tic  sensors  are  mostly  amplitude-modulation  sensors:  that  is,  sensors  in  which  the  intensity  of  the  light 
transported  by  the  fiber  is  directly  modulated  by  the  parameter  being  investigated  which  itself  has  optical 
properties  (spectrophotometric  sensors);  or  by  a  special  reagent  connected  to  the  fiber,  whose  optical  pre^rties 
vary  with  the  variation  in  the  concentration  of  the  parameter  being  studied  (transducer  sensors).  Only  in  a  few 
special  cases  is  the  optical  modulation  a  phase  modulation,  since  the  chemical  species  being  investigated 
modifies  the  optical  path  of  the  light  transported  by  the  fiber. 

Let  us  now  examine  the  main  physical  phenomena  which  are  exploited  for  the  realizatioi  of  chemical  sensors. 
The  most  utilized  phenomena  are  definitely  fluorescence  and  absorption,  even  if  chemical  fiberoptic  sensors  have 
been  realized  by  exploiting  other  physical  phenomena,  such  as  chemical  luminescence,  Raman  scattering, 
evanescent-wave  coupling,  and  plasmonic  resonance. 

Absorption:  in  addition  to  the  substances  having  their  own  absorption  bands''*'^,  substances  can  also  be 
detected  that,  by  interacting  with  an  appropriate  reagent,  vary  their  absorption'^'*  (e.g.  acid-base  indicators  vary 
their  own  absorption  depending  on  the  concentration  of  the  hydrogen  ions).  If  measurement  of  the  sensor  is  made 
during  transmission  in  a  solution,  the  concentration  of  the  parameter  being  investigated  is  proportional  to  the 
absorbance  (Lambert-Beer  law);  if,  instead,  the  measurement  is  made  during  reflectance  (e.g.  reflection  by  a  solid 
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substrate),  a  special  function  (function  of  Kubelka-Munk)  must  be  introduced  which  is  proportional  to  the 
concentration  of  the  substance  under  examination. 

Fluorescence:  also  in  this  case,  two  cases  can  be  distinguished:  1)  the  substance  being  investigated  is  itself 
fluorescent*;  2)  the  substance  is  not  fluorescent:  in  this  case,  it  can  be  labelled  with  a  fluorophore”-'*  or  else  it 
can  react  chemically  with  a  reagent,  giving  rise  to  a  fluorescent  product^,  or  even  interact  with  a  fluorophOTe, 
causing  a  variation  of  it  in  the  emission  of  fluorescence'**^.  In  the  latter  case,  of  particular  interest  is  the 
phenomenon  known  as  fluorescence  "quenching",  in  which  the  fluorescence  intensity  decreases,  following 
interaction  with  the  substance  under  examination,  which  can  thus  be  detected^*'^.  In  several  cases,  it  can  be 
convenient  to  measure  the  decay  time  of  the  fluorophore,  and  not  the  emission  intensity^.  One  advantage  of  this 
technique  is  the  possibility  of  eliminating  the  effects  due  to  photodecomposition  and  to  small  losses,  since  the 
decay  time  is  independent  of  the  concentration  of  the  fluorophore.  Furthermore,  in  the  case  in  which  several 
species  interact  with  the  reagent,  causing  emission  of  fluorescence  characterized  by  different  decay  times,  these 
can  be  detected  simultaneously,  by  using  time-resolution  devices*. 

It  is  well  to  emphasize  that  the  sensors  functioning  due  to  absorption  -  even  if  less  sensitive  than  the  ones 
functioning  due  to  fluorescence  (sometimes  even  of  several  orders  of  size)  -  are  practically  undamaged  by 
interferences  coming  from  other  compounds.  For  this  reason,  while  in  the  analyses  on  pure  (or  at  least 
"controlled")  samples,  the  use  of  fluorophores  is  preferable  because  it  makes  it  possible  to  obtain  greater 
sensitivities,  in  the  case  of  analyses  on  highly-heterogeneous  and  "complex"  samples,  as  for  example  biological 
liquids,  if  the  fluorescence  resolved  in  time  caimot  be  utilized,  the  indicators  functioning  in  absorption  guarantee 
analogous  performances  with  (if  not  ones  superior  to)  those  of  the  fluorof^ores. 

Chemiluminescence:  in  this  case,  the  emission  of  photons  associated  with  the  reaction  between  the  parameter 
under  investigation  and  the  appropriate  reagent  is  detected:  one  of  the  products  of  the  reaction  is  found  in  an 
excited  state,  and  degenerates  into  the  basic  state  with  the  consequent  emission  of  light^.  Good  levels  of 
sensitivity  can  be  reached  by  exploiting  this  principle.  However,  since  luminous  radiation  is  generated  by  the 
chemical  reaction  and  clearly  cannot  be  modulat^,  as  in  the  case  of  an  external  source,  interference  with 
ambient  light  must  be  carefully  avoided. 

Evanescent  Wave  Cnunline:  by  adsorbing  a  certain  chemical  species  on  the  core  or  on  the  cladding  of  the 
fiber,  a  perturbation  of  the  corresponding  refraction  index  is  obtained  and,  consequently,  a  different  penetration 
of  the  evanescent  wave,  which  gives  rise  to  a  modification  in  the  intensity  of  the  light  transported  by  the  fiber: 
the  adsorbed  species  can  thus  be  detected”.  Even  if  very  sensitive,  this  method  has  the  problem  of  lacking 
selectivity  since,  whatever  the  substance  adsorbed  may  be,  there  is  a  variation  in  the  refraction  index  and, 
therefore,  in  the  intensity  of  the  light.  This  snag  can  be  overcome  by  combining  the  coupling  via  evanescent 
wave  with  the  analysis  by  absorption  or  by  fluorescence,  by  setting  on  the  fiber  a  selective  chromopho’e  for  the 
species  being  investigated'-^*”.  In  this  way,  a  diminishing  of  the  transported  light  can  be  observed  following 
absorption,  or  else  the  appearance  of  light  emitted  by  fluorescence,  which  are  function  solely  of  the  chemical 
parameter  that  interacts  with  the  chromophore. 

Raman  Scattering:  the  Raman  techniques  offer  considerable  advantages  over  the  methods  based  on  absorptioi 
or  fluorescence,  since  they  make  it  possible  to  obtain  important  information  of  the  structure  of  the  species  being 
investigated,  analogous  to  information  obtained  by  IR  spectroscopy.  These  utilize  wavelengths  in  the  visible  band 
and  are  therefore  both  useful  for  analyses  in  aqueous  means,  which  are  highly  absorbent  in  the  IR  region,  and 
also  compatible  with  the  use  of  fiberoptics,  which  are  transparent  in  the  visible  region.  So  far,  the  greatest 
limitation  of  the  Raman  scattering  was  its  rather  low  sensitivity.  On  the  other  hand,  in  the  case  of  molecules 
adsorbed  on  corugated  metallic  surfaces,  an  increase  in  the  Raman  signal  of  several  orders  of  size  (=10’  10*) 

has  been  observed  recently.  This  phenomenon,  which  is  known  as  Surface-Enhanced  Raman  Scattering,  is  still 
the  subject  of  investigation:  it  can  be  attributed  to  various  chemical-physical  mechanisms,  such  as  the  presence 
of  extremely  amplified  local  electro-magnetic  fields  on  the  metallic  surface  and  the  resonant  charge-transfer 
excitation  of  the  surface/adsorbate  complexes.  It  is  clear  that  in  this  case,  the  fiberoptic  sensor  must  be  connected 
to  a  spectroscopic  apparatus,  since  the  Raman  spectrum  of  the  sample  under  examination  is  obtained  as  a  result 
of  the  detection*".  On  the  other  hand,  the  potentials  of  this  technique  •  which  is  used  with  fiberoptics  and  is 
therefore  capable  of  making  a  chemical  analysis  on  samples  in  a  hostile  or  remote  environment  and,  in  any  case, 
ones  to  which  access  is  difficult  when  using  the  customary  spectroscopic  equipment  -  are  extremely  hi^. 

Plasmon  Resonance:  this  physical  phenomenon,  still  very  little  exploited  but  potentially  suitable  for  the 
detection  of  chemical  species,  is  based  on  the  variation  in  the  light  reflected  by  a  fme  metallic  layer  as  a  result 
of  the  surface-plasmon  resonance*'.  Experimentally,  this  resonance  is  detected  by  observing  the  presence  of  a 
minimum  in  the  light  reflected  in  the  variation  of  the  angle  of  incidence  on  the  metal/optical  guide  interface.  This 


314 


value  also  depends  on  the  refraction  index  of  the  external  medium,  so  that  with  this  method  variaticMis  in  this 
index  can  be  detected.  Hence,  the  presence  of  a  chemical  species  can  be  detected  following  a  variation  in  the 
refraction  index. 

3.  PARAMETERS  INVESTIGATED  WITH  FIBEROPTICS 

It  is  evident  that,  in  order  to  be  able  to  perform  a  detection  using  fiberoptics,  the  working  wavelengths  must 
be  included  within  the  transmission  windows  that  are  characteristic  of  the  fibers.  Silica  fibers  with  a  low  OH 
content  (low  OH  silica  fibers)  guarantee  low  attenuations  for  wavelength  values  included  between  500  nm  and 
1750  nm.  For  X,<500  nm,  as  the  wavelength  decreases,  the  attenuation  increases  up  to  values  on  the  order  of  3 
dB/m  for  A.=200  nm,  making  the  use  of  very  short  fiber  lengths  necessary;  while  for  X>1759  nm,  special  fibers 
(ZrF  and  chalcogenide  glass  fibers)  must  be  used,  also  if,  in  the  best  of  cases,  these  have  attenuations  on  the 
order  of  tenths  of  dB/Km.  In  the  case  in  which  fiber  lengths  are  used  for  the  realization  of  sensors  over  long 
distances  (>  1  Km),  only  the  wavelengths  in  which  the  attenuation  of  the  fibers  is  particularly  low:  1)  770  nm 
<X<  9(X)  nm  (attenuation  a3-r5  dB/Km);  2)  1050  nm<X<1350  nm  (attenuation  =0.5-r2  dB/Km);  3)  1450 
nm<X,<1750  nm  (attenuation  =0.2-r3  dB/Km)  can  be  considered  useful.  For  detection  of  chemical  parameters 
using  fiberoptics,  the  working  wavelengths  diiffer  in  accOTdance  as  to  whether  they  are  considered  electronic  or 
vibrational  transitions.  In  the  former  case,  the  region  in  question  is  the  UV  visible,  which  can  then  be  exploited 
for  detection  using  optical  fibers  (e.g.  bilirubin  =  452  nm,  nitrogen  dioxide  =  496nm;  nitrates  ~  210 
nm;  phenols  =  266  nm  and  Xm  =  270t4(X)  nm).  Instead,  in  the  case  of  vilx^ational  transitions,  the 
wavelengths  involved  fall  within  the  mid-IR  (e.g.  heavy  water  Xu,  =  4  pm;  propane  X^  =  3.3pm),  even  if  it  is 
preferable  at  times  to  operate  in  the  overtones  or  on  combinations  of  the  absorption  bands,  which  fall  within  the 
near-IR  in  which  attenuation  of  the  fibers  is  less  (e.g.  methane  =  1.33  and  1.66  pm;  propane  X^*  =  1.68  pm). 

In  the  case  of  spectrophotometric  sensors,  the  absorption  band  of  the  associated  parameter  or  the  possible 
emission  of  fluorescence  is  exploited.  In  the  case  of  transducer-type  sensors,  use  is  made  -  as  has  been  mentioned 
-  of  a  special  reagent  whose  optical  properties  vary  in  accordance  with  the  variaticm  in  the  concentration  of  the 
parameter  under  examination.  In  the  simplest  case,  the  reaction  between  reagent  and  parameter  being  investigated 
is  direct.  Typical  examples  are  oxygen  sensors  in  which  the  oxygen  interacts  diicctly  with  a  fluorophore,  causing 
in  it  a  decrease  in  the  emission  of  fluorescence,  and  pH  sensors  in  which  the  hydrogen  ions  react  with  an  acid- 
base  indicates  or  a  fluorophore,  causing  a  variation  in  the  absorption  or  fluorescence,  respectively. 

In  other  cases,  the  parameter  under  investigation  does  not  directly  modify  the  optical  properties  of  the  reagent 
connected  to  the  fiber,  but  reacts  chemically,  giving  rise  to  a  detectable  product.  For  example,  the  detection  of 
carbem  dioxide  is  based  cm  the  detection  of  the  pH  of  a  carbonated  solution,  since  the  acidity  of  this  solution 
depends  on  the  quantity  of  CO2  which  is  dissolved  in  it: 

COj  +  HjO  '•*  HjCOj  *  HCO; 

The  detection  of  tunmonia  is  generally  based  on  the  pH  variation  which  it  causes  by  being  disstdved  in  an 
aqueous  solution: 

NH^  (ycftor)  +  H^O  ^  NH^  +  OH' 

Of  particular  interest  are  the  enzyme  sensors  which  make  it  possible  to  detect  niunerous  biological  parameters 
and  wMch,  therefore,  fmd  important  applications  in  biomedicine.  Detection  is  based  a  selective  coiversion, 
catalyzed  by  a  special  enzyme,  of  the  parameter  under  examinatiem  in  a  product  which  can  be  optically  detected. 
The  concentration  of  the  parameters  teing  analyzed  can  be  linked  to  the  rate  of  formation  of  products  or  to  the 
steady-state  concentration  of  the  products.  It  is  evident  that,  in  this  case,  in  addition  to  the  optical  reagent,  the 
special  enzyme  must  be  immobilized  at  the  tip  of  the  fiber. 

4.  THE  PROBE 

Spectrophotometric-type  sensors  are  the  simplest,  and  at  most  require  the  realization  of  an  optimized 
photometric  cell  to  be  coimected  to  the  fiber.  An  example  is  given  by  the 
sensor  for  detection  of  the  enterogastric  reflux  (bile  reflux  from  the 
duodenum  to  the  stomach)"  in  which  the  presence  of  bile  in  the  stomach 
is  registered  by  means  of  the  detection  of  its  main  pigment,  bilirubin, 
having  its  absorption  peak  centered  at  X^52  nm.  Fig.l  shows  an  outline 
of  the  "cell":  it  consists  of  a  Teflon  cylinder,  connected  with  a  bundle  of 
optical  fibers,  the  sUucture  and  dimensions  of  which  have  been  chosen  so 
as  to  permit  "in  vivo"  measurements,  avoiding  problems  connected  to 
reflection  from  the  stomach  wall  and  to  the  possible  pollution  of  the 


Figure  1  Sketch  of  the  optical  probe 
for  bile  detection. 
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probe  by  elements  besides  bile  and  gastric  juice  (e.g.  pmicles  of  food,  mucus,  etc.)- 

In  the  case  of  transducer  detectors,  the  reagent  can  be  immobilized  directly  on  the  fiber  or  on  a  solid  external 
support,  which  will  constitute  the  probe,  referred  to  as  the  optrode  (from  "c^tical  electrode").  In  the  former  case, 
we  are  talking  about  intrinsic-optrode  sensors,  while  in  the  latter  case  we  are  talking  about  extrinsic-optrode 
sensors.  With  the  intrinsic  optrode,  a  compact,  highly-miniaturized  structure  is  attained,  since  the  probe  is 
practically  the  fiber  itself.  It  is  necessary,  however,  to  distinguish  the  case  in  which  the  chromophore  is 
immobilized  at  the  fiber’s  extreme  tip  or  along  it  on  the  core  or  on  the  clad.  In  the  first  case,  the  signal  levels 
obtainable  are  generally  weak,  since  the  modulation  of  the  optic  signal  comes  from  a  thin  layer  of  reagrat 
connected  to  the  fiber:  the  use  is  thus  made  necessary  of  sophisticated  and  costly  electronic  and  optical 
components  (laser  sources,  lock-in,  photomultipliers,  etc.).  By  specially  treating  the  tip-end  surface  of  the  fiber, 
sufficiently  to  increase  the  sites  available  for  attaching  the  chromophore^^  it  is  possible  to  obtain  a  partial 
improvement  in  the  signal-to-noise  ratio.  Instead,  in  the  case  of  the  immobilized  chromof^ore  along  the  fiber, 
mc^ulation  of  the  luminous  intensity,  even  if  due  to  a  thin  layer  of  reagent,  occurs  on  a  section  of  fiber  that  is 
long  enough  to  guarantee  good  signal  levels. 

In  general,  better  results  are  obtained  in  the  extrinsic-optrode  sensors,  since  a  larger  surface  is  available  for 
attaching  the  chromophore,  even  if  the  realization  of  a  special  "envelope"  is  made  necessary  for  attaching  the 
support  to  the  tip-end  of  the  fiber.  Special  care  must  therefore  be  given  to  the  search  for  the  most  appropriate 
"envelope",  since  this  can  weigh  heavily  on  the  performance  of  the  probe,  and  in  particular  on  the  response  time. 
In  fact,  it  must  be  kept  in  mind  that  a  free  exchange  for  the  chemical  species  being  investigate  must  be 
guaranteed  between  the  inside  of  the  optrode,  where  the  chromophore  is  located,  and  the  external  environment 
It  is  evident  that,  in  the  case  of  optrode  sensors,  the  chemical  aspect  takes  on  a  relevant  role  in  the  realization 
of  the  entire  sensor.  Diverse  techniques  are  utilized  for  the  immobilization  of  the  optically-sensitive  reagent 
Here  as  follows,  let  us  briefly  examine  the  main  immobilization  techniques  followed: 

Adsorption:  the  chromqjhore  is  adsorbed  on  special  polymeric  resins  (e.g. 

XAD-2)”-^,  or  directly  <xi  fibei^*.  This  technique  consists  simply  of 
immersing  the  support  in  a  soluticn  of  the  chromophore  in  an  apprc^riate 
solvent.  This,  however,  presents  the  problem  of  a  progressive  -  if  at  times 
slow  -  detachment  fiom  the  support  or  from  the  fiber,  which  makes  the  use 
of  probes  realized  in  this  manner  unsuitable  for  many  applications,  in 
particular  medical  ones.  Numerous  optrodes  have  been  realized  by  means 

of  adsorption:  an  example  of  an  optrc^e  for  detecting  pH,  realized  with  this  technique,  is  shown  in  Fig.  2” 
Phenol  red,  an  indicator  that  fimcticais  by  means  of  absorpticm,  is  adsorbed  on  XAD-2  microspheres  inserted  in 

a  small  stainless  steel  cylinder  with  lateral  openings, 
the  dimensiois  of  which  are  such  as  to  prevent  the 
microspheres  from  coming  out  and,  at  the  same  time, 
to  guarantee  a  good  exchange  with  the  outside 
environment.  The  interval  of  operation  is  6.8-r7.9  pH 
units;  the  sensitivity  is  equal  to  0.02  pH  units;  and 
the  response  time  is  less  than  one  minute. 

Covalent  bwid:  at  the  moment,  coupling  of  the 
optically-sensitive  reagent  by  means  of  a  covalent 
bond  seems  to  be  most  promising,  since  it  guarantees 
compactness  for  the  probe  and,  at  the  same  time, 
completely  avoids  losses  of  the  chromophore.  A 
much-followed  method  for  the  coupling  of  the 
chromophore  exploits  a  silylation  process,  by  means 
of  which  the  reagent  is  coupled  eitter  to  the  fiber”  w 
to  a  fixed  support^.  An  example  of  a  chemical 
sequence  of  silylation  of  a  glass  surface,  making  use  of  Y-aminopropyltriethoxysilane  as  a  silylating  agent,  is 
shown  in  Fig.3.  Various  pH  indicators  have  been  coupled  with  this  chemical  sequence'*,  but  the  method  can  be 
considered  valid  for  other  types  of  chromophores. 

Entrapment  in  polymeric  structures:  in  this  case,  the  chromophore  is  entrapped  in  a  polymeric  structure 
permeable  to  the  parameter  being  investigated^  ”.  This  technique,  just  like  the  covalent-bond  technique, 
ensures  good  compacmess  and  guarantees  -  with  an  appropriate  choice  of  the  entrapment  technique  -  the  almost 
complete  loss  of  the  chromophore.  An  example  of  an  extrinsic  optrode,  in  which  covalent  bond  and  entrapment 
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Figure  3.  Sequence  of  silylation  reactions  to  bind  covalently 
pH  indcators  on  glass  supports. 


Figure  2.  Probe  for  Ph  detection. 
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in  a  special  matrix  are  utilized,  is  shown  in  Fig.4^.  The  said  optrode  makes  possible  the  simultaneous  detection 
of  oxygen  and  of  carbon  dioxide.  The  two  fluorophores  utiliz^  are  tris(2,2’-bipyridyl)ruthenium(II)  dichlcnide 
(RTDP)  for  oxygen,  and  l-hydroxypyren-3,6,8-trisulfonate  (HPTS)  for 
carbon  dioxide.  The  fcHmer  is  a  fluorophore  whose  fluorescence  is 
quenched  in  the  presence  of  oxygen,  while  the  latter  is  a  pH  indicator. 

The  two  chromophores  are  coupled  in  different  ways:  RTDP  is 
adsorbed  on  Kieselgel  particles  incorporated  on  a  layer  of  hydrophobic 
silicone  rubber  that  is  permeable  to  both  Oj  and  COj,  while  HI^S  is 
bonded  covalently  cm  granules  of  cellulose  soaked  in  a  solution  of 
bicarbonate.  The  two  sensitive  layers  are  deposited  on  a  solid  support 
consisting  of  a  transparent  polyester  membrane,  attached  to  the  tip  of 
a  bundle  of  optical  fibers.  A  thick  layer  of  opaque  silictme  permeable 
to  gas  supplies  a  type  of  optical  isolatioi  that  avoids  possible 
interferences  due  to  fluorescent  compounds  present  in  the  sample 
being  examined.  The  two  fluorophores  have  the  same  excitation 
length  (\„e=460  nm)  but  emission  wavelengths  that  are  sufficiently  different  (X^„=520  nm  for  HPTS,  and 
\a=‘630  nm  fra*  RTDP).  so  that  a  single  source  can  be  used,  separating  the  two  fluorescence  signals  by  means 
of  interferential  filters.  Also  to  be  noted  are  the  extremely  reduckl  dimensions  of  the  optrode.  With  this  optrode, 
the  partial  pressure  of  oxygen  and  of  carbon  dioxide  can  be  detected  in  the  0-r200  torr  range  with  an  accuracy 
of  ±1  torr,  and  in  the  Of  150  torr  range  with  an  equal  accuracy  of  ±1  torr,  respectively.  The  response  times 
obtained  are  40  seconds  for  the  O2  sensor  and  minutes  for  the  CO2  sensor. 

Langmuir-Blodeett  film:  until  now,  the  realization  of  Langmuir-Blodgett  films  with  an  incorporated  chromophore 
has  been  a  very  promising  technique  for  the  realization  of  fiberoptic  detectors'''^,  also  because  these  films  are, 
in  principle,  applicable  to  the  outside  surface  of  the  fiber,  thus  realizing  evanescent-wave  sensors  that  are 
extremely  compact  and  miniaturized. 

An  optrode  for  the  detection  of  potassium^  has  been  realized 
adsorbing  lipid  multi-layers,  labelled  with  a  fluoro[dtore,  on  quartz 
supports  made  previously  hydrophobic  by  means  of  silylation  in 
such  a  way  that  its  adhesion  to  the  multi-layers  is  facilitated  (Fig. 

S).  The  lipid  phase  is  formed  either  of  arachidic  add  or  of 
octadecan-l-ol,  of  rhodamine  B,  specially  modified  so  as  to  be 
soluble  in  lipids,  as  fluorophore.and  of  valinomycin  (which  is 
electrically  neutral)  as  bearer  of  ions.  By  spreading  on  the  multi¬ 
layer  and  bonding  itself  with  the  valinomycin,  potassium  creates 
a  variation  in  the  electrical  potential  between  lipid  phase  and 
aqueous  phase  that  causes  a  decrease  in  the  fluorescence  of  the 
fluorophore  incorporated  in  the  multi-layer.  As  we  have  already  said,  this  multi-layer  has  been  realized  (Hi  a 
quartz  structure,  and  the  preliminary  (^tical  measurements  were  t^en  without  utilizing  fiber-tqitics.  On  the  other 
hand,  it  is  important  to  emphasize  that  the  entire  chemical  process  can  easily  be  applied  to  the  nucleus  of  the 
fiber,  so  that  an  evanescent-wave  fiberoptic  sensor  for  the  detection  of  potassium  can  potentially  be  realized 
Sol-gel  procedure:  a  new  technique  for  the  realization  of  optrcxles  has  recently  been  develc^ied^,  based  cm  a  sol- 
gel  procedure.  With  this  technique,  a  ptnous  glassy-oxide  networic  can  be  obtained  by  means  of  the  hydrolysis 
of  an  organometallic  precursor  followed  by  condensative  polymerization.  The  precursor  can  easily  be  doped  with 
soluble  chromophores  which  are  thus  entrapped  in  the  glassy-oxide  network.  The  main  advantage  of  this 
technique  is  the  possibility  it  offers  fcH  producing  these  glass  structures,  with  the  chromoidiore  inc(Hporated, 
shaped  to  the  form  of  the  fiber.  In  this  way,  a  section  of  fiber  is  realized  which  is  sensitive  to  a  certain  chemical 
species,  and  the  problem  of  the  optrode  simply  remains  the  connection  between  two  fibers,  with  all  the  ensuing 
advantages  of  simplicity,  compacmess  and  miniaturization. 

Optrode  in  solution:  in  order  to  eliminate  any  sort  of  problem  connected  with  chemical  bonding,  in  stnne  cases 
the  chromophore  is  in  solution  and  the  solution  is  blocked  at  the  tip  of  the  fibers  by  means  of  a  highly-selective 
membrane.  This  prevents  the  chromophore  from  exiting,  and  mtdees  possible  the  exchange  with  the  external 
environment*'**.  However,  this  particular  solution  involves  both  disadvantages  -  such  as  the  difficulty  in 
identifying  the  selective  membrane  and  the  long  response  time,  related  to  the  diffusion  of  the  chemical  species 
being  analyzed  throughout  the  membrane  -  and  problems  of  mechanical  nature,  due  to  the  resulting  fragility  and 
poor  compactness  of  the  optrode.  This  solution,  therefore,  is  not  always  capable  of  offering  the  same  advantages 
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figure  4.  Optrode  for  the  simultaneous 
detection  of  oxygen  and  carbon  dioxicfe. 
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as  those  that  are  connected  with  other  types  of  immobilization.  On  the  other  hand, 
it  is  the  only  solution  to  be  followed  when  irreversible  reactions  are  involved  which 
would  implicate  rather  complex  problems  in  terms  of  the  lifetime  of  the  probe  and 
of  the  calibration  of  the  entire  sensor,  since  a  ccxitinuous  flux  of  reagent  to  the 
inside  of  the  optrode  must  be  guaranteed,  in  order  to  maintain  constant  its 
concentration.  An  ammonia  detector  with  a  continuous  flux  for  the  chromc^hore  has 
recently  been  realized’^.  The  chromophore  is  bromothymol  blue,  a  pH  indicator  that 
functions  in  absorption.  In  Fig.6  there  is  a  diagram  of  the  probe:  a  hollow  flber  of 
semipermeable  polypropilene  (0s4OOpm),  hydrophobic  and  permeable  to  NHj,  is 
attached  to  a  section  of  glass  capillary  (0=1  mm).  Three  optical  fibers  are  inserted 
inside  the  membrane;  of  these,  one  transports  the  radiation  of  the  source  (fiber  a) 
while  the  other  two  (fiber  b  and  fiber  c)  transport,  respectively,  the  reference  signal 
and  the  modulated  signal  from  the  optrode  to  the  detector.  Fibers  a  and  b  are 
immersed  in  a  transparent  epoxy  glue  which  is  impervious  to  hydrogen  ions,  so  that 
the  signal  picked  up  by  the  reference  fiber  is  not  modulated  by  the  chromophore. 

The  tip-end  is  sealed  with  an  epoxy  glue  enriched  with  sUver,  so  that  a  reflecting 
surface  is  obtained.  A  glass  capillary  (0=l(X)pm)  transports  the  reagent  solution  to 
the  inside  of  the  probe,  while  a  second  probe,  made  of  teflon,  performs  the  sample¬ 
taking.  The  functioning  interval  of  this  sensor  is  LSpNl^SIX^M,  i\1iile  the  response 
time  is  ^40  seconds.  Even  if  the  chemistry  of  this  optrode  is  completely  reversible 
and  the  consumption  of  reagent  is  minimal,  this  probe  shows  how  it  is  possible  to 
realize  optrodes  by  making  use  of  irreversible  chemical  reactiorts  or  by  involving 
a  ctmsumption  of  the  chromophore. 

As  of  now,  few  chemical  fiberoptic  senses  have  already  been  industrialized.  One  of  these  is  the  previous 
described  enterogastric  reflux  sensor,  an  industrialized  prototype  of  which  already  exists  (Prodotec  srl,  Florence) 
that  will  soon  be  put  on  the  market.  An  example  of  an  industrialized  prototype  consists  of  a  sensor  for  the 

simultaneous  "in  vivo"  measurement  in  the  blood  of  pH, 
oxygen  and  carbon-dioxide  partial  pressures, 
manufactured  by  the  firm  CarrUovascular  Device 
(California,  USA)**.  Fig.  7  provides  a  diagram  of  the 
probe:  it  uses  3  optical  fibers  (0=12Spm),  and  its  overall 
diameter  (0=0.65  mm)  is  such  as  to  allow  its  insertion 
into  an  artery  catheter.  The  three  sensors  are  optically 
isolated  by  means  of  the  individual  enc^ulation  of  each 
optrode,  craisisting  of  an  opaque  cellulose  membrane. 
AU  three  chromophores  are  flumescence  indicators. 
Since  the  measurement  of  pCOz  is  based  on  a 
measurement  of  acidity,  both  the  optrode  for  pH 
detection  and  the  one  for  detection  of  the  partial  carbm- 
dioxide  pressure  use  the  same  flutvopliOTe:  HFTS.  In  the 
former  case,  the  flutxophore  is  covalently  bonded  to  a  matrix  of  cellulose  attached  to  the  tip  of  the  fiber,  while 
in  the  latter  case  it  is  dissolved  in  a  buffer  solution  of  bicarbonate  encapsulated  inside  a  hydrophobic  siliccxiic 
matnhrane  that  is  permeable  to  CO2  and  is  attached  to  the  fiber  tip.  In  both  cases,  the  excitatitm  band  is  used 
both  of  the  acid  form  (Xy„g=410  nm)  and  of  the  base  form  (X;„c=^60  nm)  of  the  fluorophore,  that  have  the 
emission  band  centered  on  the  same 
two  different  excitations  appears  to 
be  relatively  insensitive  to  optical 
fluctuations.  For  the  detection  of 
pOj,  a  specially-synthesized 
fluorophore  (X^e=385  nm,  \jo,=515 
nm)  is  utilized,  connected  to  a 
second  fluorophore  that  is 
insensitive  to  oxygen,  as  reference, 
incorporated  in  a  hydrophobic  siliconic  membrane  that  is  permeable  to  oxygen,  attached  to  the  tip  of  the  fiber. 
The  performance  of  this  probe  is  illustrated  in  Table  I. 


wavelength  (A^n,=520  nm).  The  ratio  of  the  fluorescoice  intensity  fty  the 


parameter 

measurement  range 

precision 

response  tim^ 

pH 

7.05^7.65  pH  units 

0.03  pH  units 

35  sec 

pCOj 

10^60  mm  Hg 

2  mm  Hg 

95  sec 

PO2 

20r200  mm  Hg 

4  mm  Hg 

60  sec 

Table  I.  Performances  of  the  probe  for  the  simultaneous  of  pH  pOj,  pCO,. 
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Figure  7.  Sketch  of  the  probe  for  the  simultaneous 
detection  of  pH,  pO,  and  in  human  blood. 


Figure  6.  (^)trode  for  the 
detection  of  ammonia 
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4.  CONCLUSIONS 

The  detection  of  chemical  parameters  by  means  of  optical  fibers  has  had  a  decisive  boost  in  recent  years, 
thanks  to  the  advantages  and  which  these  sensors  are  capable  of  offering  in  conparison  with  traditional  sensors. 
The  greatest  problem  is  definitely  the  realization  of  the  optrode,  as  regards  both  the  structural  aspect  (sturdiness, 
compacmess,  the  guarantee  of  a  rapid  and  efficient  exchange  with  the  outside  environment),  and  the  chemical 
aspect  (search  for  the  most  suitable  optically-sensitive  reagent  and  its  applicaticm  to  the  fibers),  to  which 
considerable  attention  must  be  dedicated  in  order  to  obtain  very  high  performance  from  the  probe  in  terms  of 
response  time,  reversibility  and  stability.  The  first  industrialized  models  have  already  appeared,  or  are  just  on 
the  verge  of  appearing,  on  the  international  market:  it  is  conceivable,  therefore,  that  we  can  expect  in  the  years 
to  come  an  industrial  conversion  of  numerous  prototypes  that  until  now  have  been  realized  oidy  on  a  research 
level. 
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Summary: 

Numerous  fiber  c^tic  pH  senstnrs  have  been  pressed  in  the  past  decade.  Most 
of  these  sensors  utilize  polymers  as  a  substrate  to  immobilize  optic^y  active  organic 
indicators'*^.  However,  these  devices  often  exhibit  significant  degradation  in  the 
presence  of  organic  solvents  and  are  less  stable  at  high  temperatures  or  pressures 
typically  encountered  in  many  industrial  and  practical  applications.  Recently,  the  use 
of  inorganic  materials  as  the  substrates  for  the  immobilization  of  indicators  has 
obtained  more  attentitxi^*^.  This  report  describes  the  development  of  a  new  fiber  optic 
pH  sensor  based  on  the  use  of  a  porous  silica  glass  fiter  immobilized  with  pH 
indicators  by  sol-gel  coating  technique. 

Porous  glass  fibers  have  been  used  for  the  develqiment  of  fiber  optic  chemical 
sensors.  5.6  The  fiber  is  prepared  by  chemically  leaching  a  small  section  of  a 
phase-separated  sodium  b^silicate  glass  fiber.  In  this  woii:,  the  porous  section  is 
coated  by  silica  gel  impregnated  wiA  pH  indicators.  The  silica  gel  is  chemically 
bonded  to  the  surface  of  the  porous  glass  fiber  and  holds  the  pH  indicatcM^  in  the 
"cage"  formed  by  the  silica  ring  structure.  The  silica  gel  is  chemically  compatible 
with  the  silica  glass  and  covalent  bonds  are  framed  between  the  silica  gel  and  the 
silica  glass  surface  due  to  condensation  reactirai  of  the  hydroxyl  groups.  The 
doping  of  the  indicators  in  the  silica  ring  structure  gives  resistance  to  Ae  attack  fiom 
water  and  organic  solvents  but  still  keeps  the  pH  sensitive  sites  of  the  indicators 
active.  The  sol-gel  coating  technique  is  suitable  for  any  organic  indicators  having  a 
molecular  size  larger  than  that  of  the  glass  former  (silica  in  this  case).  Thus,  sensors 
with  a  wide  dynamic  pH  range  can  be  prepared  by  co-immobilization  of  several 
different  absrabing  indicators  fra  which  the  pH  range  and  optical  pr(q>eTties  correlate. 
In  this  work,  bromocresol  purple  and  bromocresol  green  were  selected  as  the  pH 
indicators.  The  individual  dynamic  pH  range  of  these  indicators  is  3.8-5.4  and 
5.2-6.8,  respectively. 

A  schematic  diagram  of  the  experimental  set-up  for  this  sensor  is  shown  in 
Figure  1.  A  chopped  HeNe  laser  was  launched  into  a  silica  optical  fiber  which  was 
spliced  to  a  2  cm  section  of  porous  glass  fiber.  A  second  silica  fiber  was  utilized  to 
deliver  the  light  signal  passing  through  the  sensor  to  the  Si  photodetector.  The  pH 
measurement  was  performed  by  placing  the  activated  porous  fiber  in  a  fluid  reservoir 
containing  a  magnetic  stirrer  and  a  reference  electronic  probe  of  a  pH  meter  (Orion 
EA-920).  Optical  signal  levels  were  measured  under  a  variety  of  pH  conditions. 
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Figure  2  illustrates  the  dynamic  response  and  the  reversibility  of  the  sensor 
when  exposed  to  a  number  of  step  changes  in  pH.  When  an  acid  or  base  was 
introduced  into  the  testing  reservoir,  the  sensOT  responds  rapidly  and  the  output  signal 
reaches  a  stable  value  within  a  few  minutes.  The  response  from  the  porous  fiber 
optic  sensor  is  depicted  as  the  solid  line  and  the  lespexise  of  the  electnmic  pH  probe  is 
represented  by  the  dashed  line.  After  a  rinsing  in  deionized  water  to  remove  any 
unbound  indicators,  the  sensor  is  stable  to  5%  over  repeated  cycling.  The  response 
time  is  mainly  determined  by  the  diffusion  of  hydrogen  and  hydroxyl  ions  through 
the  silica  matrix.  ReducticMi  in  the  coating  thickness  results  in  faster  resptxise  time. 

Room  temperature  calibration  curves  for  the  device  are  shown  in  Figtu^  3  in 
which  the  changes  in  the  optical  transmittance  at  633  nm  are  normalized  and  plotted  as 
a  function  of  the  changes  of  pH.  A  wide  dynamic  range  of  pH  from  4  to  8.5  can  be 
achieved  by  employing  the  sample  coated  with  the  indicator  concentration  of  0.24 
mg/ml  (bromocresol  green/bromocresol  purple=l:l).  As  the  concentration  of 
indicator  is  increased,  the  dynamic  range  of  pH  shifts  toward  the  low  pH  end.  The 
use  of  a  porous  glass  fiber  significantly  increases  the  resolution  of  the  sensOT  because 
of  its  high  surface  area.  However,  the  resolution  is  also  dependent  on  the  indicator 
selected  as  well  as  its  concentration.  A  resolution  of  0.05  pH  interval  is  typical  for  a 
porous  fiber  of  2  cm  in  length  used  in  this  experiments. 

Figure  4  shows  the  effects  of  ionic  strength  of  the  test  solution  on  the  sensor. 
A  shift  of  the  calibration  curve  from  the  high  pH  side  to  the  low  pH  side  was 
observed  after  the  introduction  of  KBr  of  which  the  concentrations  are  0.0 IN  and 
O.IN. 

The  porous  fiber  optic  pH  sensor  prepared  by  the  sol-gel  coating  technique  has 
demonstrated  several  advantages  for  chemi(^  detection: 

a)  A  high  sensitivity  can  obtained  due  to  the  high  surface  area  poious  glass 
structure. 

b)  The  indicators  immobilized  in  the  silica  gel  matrix  which  is  directly  bound  on  the 
glass  fiber  are  stable  and  durable.  The  potential  applications  for  the  sensor 
include  the  pH  measurement  for  aqueous  solutions  at  high  temperatures  and 
those  containing  organic  solvents. 

c)  A  wide  dynamic  pH  range  has  been  achieved  due  to  the  co-immobilization  of 
different  pH  indicatCH's. 

d)  The  sol-gel  coating  technique  offers  the  flexibility  in  selecting  the  appropriate 
indicators  and  this  advantage  also  makes  the  homogeneous  co-immobilization 
possible. 

An  apparent  disadvantage  of  the  present  device  is  its  somewhat  sluggish 
behavior.  However,  the  response  time  observed  in  this  work  can  be  improved 
through  selection  of  the  appropriate  coating  thickness  of  the  silica  gel  as  well  as  a 
modest  enlargement  of  the  pore  size.  The  end  result  is  a  device  wi£  both  enhanced 
sensitivity  and  operational  lifetime  relative  to  present  generation  fiber  optic  pH 
sensors. 
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Figure  1  Schematic  diagram  of  the  experimental  set-up  for  fiber  optic  pH  sensor. 
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Nonnalucd  iMcnsity  (arbiiary  unit) 


Figure!  DynainicRspoiue  of  the  fiberoptic  pH  sensor  in  stq>  changes  of  pH.  The 
s(^  line  represents  the  response  ot  the  porous  fiber  sensor  and  the  das  r.cd 
line  represents  the  response  of  the  pH  meter. 
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Figure  3  Calibration  curves  of  the  fiber 
(^>tic  pH  sensor  using  a  porous 
section  of  2  cm  in  length.  The 
sensing  wavelength  was  633  nm 
and  the  measurements  were 
performed  at  2t 


Figured  The  effect  of  kmicstrengdi  on  Ae 
fiber  optic  pH  sensor.  pH 
indicates  of  bromocresoi  por^ 
and  bromocresoi  green  at  1:1 
(weighty  were  used  (l.Srag/iml  for 
eadi  indkator). 
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ABSTRACT 

An  optical  fiber  sensor  for  the  detection  of  oxygen  is  described,  based  on  the  absorption  change  of 
a  bis(Histidinato)Cobalt(II)  solution  at  X=408  nm  as  a  function  of  the  molecular  oxygen  concentration 
in  the  surrounding  environment. 


1.  INTRODUCTION 

Optical-fiber  chemical  sensors  have  undergone  exceptional  development  in  recent  years.  Such  an 
evident  interest  is  perfectly  justiBed  because  optical-fiber  sensors  offer  several  advantages,  in 
comparison  with  traditional  sensors,  for  the  measurement  of  chemical  parameters,  the  detection  of 
which  is  extremely  important  in  many  industrial  and  chemical  processes,  in  environmental  control  and 
in  the  biomedical  field. 

Oxygen  is  surely  one  of  the  chemical  parameters  more  investigated  with  optical  fibers.  So  far,  optical 
fiber  sensors  for  the  detection  of  oxygen  exploit  its  capability  of  quenching  the  fluorescence  of 
appropriate  fluorophores'.  On  the  other  hand,  this  method,  also  if  high  sensitive,  does  not  appear 
completely  satisfactory,  since  other  substances  can  compete  with  oxygen  in  the  fluorescence  quenching 
parameters,  decreasing  the  accinacy  of  the  sensor.  For  this  reason  an  optical  fiber  oxygen  sensor 
working  on  absorption  would  seem,  in  some  cases,  more  convenient.  The  absorption  change  of 
haemoglobin  in  the  presence  of  oxygen  was  utilized  for  the  realization  of  an  absorption-based  optrode^, 
but  the  optical  reagent  does  not  seem  appropriate  for  the  realization  of  an  optical  sensor,  due  to  its 
biological  characteristics  which  prevent  the  construction  of  long-life  probes. 

Because  our  aim  is  the  realization  of  an  optical  fiber  sensor  working  on  absorption,  our  attention  has 
been  devoted  to  the  search  of  chemical  compounds,  the  absorption  of  which  undergoes  changes  in 
presence  of  oxygen.  Since  biological  compounds  are  characterize  by  very  poor  stability,  our  research 
has  been  focused  on  synthetic  substances.  Some  organo-metallic  compounds  are  able  to  bind  reversibly 
with  molecular  oxygen.  These  substances,  known  as  oxygen  carriers,  are  transition  metal  complexes  , 
the  absorption  spectrum  of  which  may  change  during  the  oxygenation  process,  depending  on  the 
oxidation  state  of  central  atom. 

The  present  work  is  concerned  with  the  development  of  an  oxygen  optical  fiber  sensor,  which 
exploits  the  optical  properties  of  an  appropriate  transition  metal  complex. 

2.  SPECTROPHOTOMETRIC  ANALYSIS 

Four  kinds  of  oxygen  carriers  showing  a  colour  change  during  the  oxygenation  process  were 
selected:  the  so-called  Vaska’s  complex  (IrCl(CO)(PPh3)2)^  bis(salicylaldehyde)ethylenediimmineco- 
balt(II)  (Co(salen))^,  bis(histidinato)cobalt(n)  (Coi^is)^^  and  manganese  complexes  of  the  form 
Mn(PR3),Y2  (where  PR3  is  a  tertiary  phosphine—  except  that  triphenylphosphine  (PPh3)—  x  may  assume 
values  1  or  2  and  Y  is  an  halogen').  None  of  these  was  found  on  the  market  and,  for  this  reason, 
synthesis  was  carried  out*  following,  if  possible,  the  methods  already  described,  also  if  in  some  cases, 
panicularly  for  manganese  compounds,  it  resulted  extremely  difficult,  both  due  to  the  complexity  of 
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the  operations  to  be  followed  and  the  lack  of  details  reported  in  the  literature.  A  thorough  spectrophoto- 
metric  study  was  carried  in  order  to  detect  the  most  suitable  one  for  optical  oxygen  detection:  this  step 
was  necessary  because  no  information  on  this  point  was  available. 

Spectrophotometric  analysis  was  carried  out  using  both  a  Perkin  Elmer  spectrophotometer  (mod.  552) 
and  a  Guided  Wave  spectroanalyzer  (mod.  200)  equipped  with  optical  fibers. 

Absorption  spectra  in  solution  were  recorded  either  by  using  anaerobic  cuvettes  (Hellma)  coupled 
with  the  Perkin  Elmer  spectrophotometer  or  by  using  a  3-neck  flask  coupled  with  the  probe  of  the 
Guided  Wave  spectrophotometer.  Solid-state  reflectance  spectra  were  recorded  by  using  an  external 
integrating  sphere  connected  with  the  Perkin  Elmer  spectrophotometer:  the  analyte  was  placed  in  an 
appropriately  designed  cell  located  over  the  hole  of  the  integrating  sphere.  In  each  case,  the  percentage 
of  oxygen  contained  in  the  atmosphere  surrounding  the  oxygen  carrier  was  rigorously  controlled. 
The  results  obtained  may  be  synthesized  in  the  following  way: 

Vaska’s  comnlex!  Vaska’s  complex,  dissolved  in  deoxygenated  nitrobenzene  (conc.=lxl0'^  M),  shows 
a  strong  change  in  absorption  at  420  nm,  if  exposed  to  an  atmosphere  containing  oxygen.  Notwithstand¬ 
ing  the  good  sensitivity,  this  complex  appears  unsuitable  for  the  realization  of  an  optical  sensor  due 
to  the  very  slow  oxygenation  process  (=  several  hours). 

Co(salen):  although  solid  Co(salen)  is  characterized  by  different  reflectance  spectra  when  in  the  de¬ 
oxygenated  and  in  the  fully-oxygenated  form  showing  a  large  change  of  reflectance  for  A>7()0  nm,  it 
appears  unsuitable  for  a  sensor,  since  it  shows  very  good  reversibility  of  the  oxygenation  process  only 
at  high  temperatures  and  low  pressures. 

Mn(PR»).Y,:  different  manganese  complexes  were  tested,  changing  the  ligand  and  the  halogen  of  the 
compound.  Best  results  were  obtained  by  using  triethylphosphine  (Pbtj)  and  iodine  as  phosphine  and 
halogen,  respectively.  The  resulting  complex,  Mn(Pet3)2l2,  is  characterized  by  a  reflectance  spectrum 
with  several  bands  that  are  changed  by  the  formation  of  the  manganese-oxygen  bond,  due  to  the  change 
of  syrrunetry  of  the  molecule  from  pseudo-tetrahedric  to  trigonal  bipyramidal.  Nevertheless  its  highly 
sensitivity  to  water  makes  difficult  an  its  use  in  an  optical  fiber  sensor,  since  the  least  track  of  humidity 
oxidizes  the  phosphine  groups,  blocking  the  reactivity  of  this  compound  toward  oxygen. 


Figure  1  Abs(»pti<Hi  spectra  of  CofHis),  in  equilibrium 
with  different  oxygen  concentrations  in  the  surrounding 
atmosphere. 


Figure  2  A^gg-Afoo  vs  oxygen  concentratimi  in  the 
surrounding  atmosphere  for  Co(His)2. 


Co(His),:  Figure  1  shows  absoiption  spectra  of  Co(His)2  in  phosphate  buffer  at  about  pH  7.5  in  equilib¬ 
rium  with  different  concentrations  of  molecular  oxygen  in  the  surrounding  atmosphere.  The  formation 
of  a  band  is  apparent  at  X=408  nm  during  the  oxygenation  process,  due  to  a  charge  transfer  between 
oxygen  and  metal  levels.  In  Figure  2,  the  absorbance  difference  at  X=408  nm  and  at  X=9()0  ran  versus 
oxygen  concentration  is  reported.  It  is  important  to  outline  that  Co(His)2  shows  a  good  reversibility  at 
room  temperature  and  atmospheric  pressure. 
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On  the  basis  of  these  results  Co(His)2  was  selected  as  reagent  for  the  oxygen  optical  fiber  sensor. 


5.  OPTICAL  FIBER  SENSOR 
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Lamp 


chopper 


objective 


Monochromator 


RectMer 
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oxygen  flux 
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Figure  3  Block  diagram  of  the  oxygen  sensor  model. 


Figure  3  shows  the  block  diagram  of  the 
optical  fiber  sensor  developed.  The  source  is 
a  halogen  lamp,  the  light  of  which  is  modu¬ 
lated  by  a  mechanical  chopper  and  filtered  by 
a  monochromator  so  as  to  select  the  wave¬ 
length  of  X=408  nm,  which  corresponds  to  the 
absorption  peak  of  the  Co(His)2. 

The  light  is  coupled  to  the  less  transmissive 
branch  of  an  Y  coupler  (fiber  core  diameter 
200  pm,  10/90  coupling  ratio)  and  is  driven  to 
the  optrode  through  the  common  branch.  The 
more  transmissive  branch  of  the  coupler  is 
then  connected  to  a  photodetector.  A  second 
fiber  (80  pm  core  diameter  silica-silica  fiber) 
directly  connects  the  source  to  a  second  photo¬ 
detector,  with  the  aim  of  eliminating  the 
fluctuations  of  the  lamp.  The  choice  of  such  a 
coupling  ratio  guarantees  that  almost  the 


totality  of  the  modulated  Ught,  collected  inside  the  probe,  is  sent  to  the  photodetector.  Two  equal 
/—p.  /  I - ■( - )  appropriate  electronic  circuits  process  the  signals  and 
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Figure  4  Sketch  of  the  optrode  for  oxygen  detection. 


[  (J  [ _ y  [  ^  \  (  the  data  are  collected  by  using  a  personal  computer. 

^  optrode,  shown  in  Figure  4,  is  made  with  a 

*k«iiMumraiiMor  L<i.4oo,im  wBtoutj**.*  Cclgaid  Capillary  (length=3  mm,  internal  diameter=400 

Figure  4  Sketch  of  the  optrode  for  oxygen  detection.  closed  at  one  end  with  an  aUuminium  cap  as 

reflector.  Celgard  was  chosen  for  the  hydrophobic 
membrane  because  at  the  moment  it  seems  to  be  one  of  the  most  efficient  for  guaranteeing  a  fast, 
complete  diffusion  of  oxygen  inside  the  probe.  The  membrane  capillaiy  is  filled  with  the  Co(His)2  solu¬ 
tion  operating  in  dry-box  in  an  inert  atmosphere.  Then  the  common  branch  of  the  Y-coupler  is  inserted 
into  the  capillary  and  the  junction  is  sealed  with  black  silicon  in  order  to 
obtain  a  waterproof  assembly  and  to  avoid  parasitic  reflections.  The  probe  - 

obtained  is  inserted  in  a  glass  tube,  sealed  with  a  1-cm-thick  silicon  layer,  i/i, 
and  inserted  in  a  flow  cell  where  it  is  possible  to  control  the  composition  of 
the  internal  atmosphere.  'V'A 

A  typical  response  curve  of  the  sensor  is  showed  in  Figure  5  where  the 
ratio  l/]^  vs  time  is  reported,  where  I  is  the  intensity  of  the  light  coming  from  „„  _  1 
the  optrode  and  Iq  is  the  intensity  of  the  light  coming  directly  from  the  1 

monochromator.  The  probe  is  in  contact  with  pure  argon  atmosphere;  in  wi/lA 

correspondence  of  the  arrow  pure  oxygen  begins  to  flow.  The  response  time  o  w  _  ^  ^ 

of  such  a  sensor,  defined  as  the  time  needed  to  have  a  signal  variation  from 
10%  to  90%  of  the  final  value,  is  about  2  minutes. 

At  this  point  it  is  important  to  outline  that  the  measurement  of  oxygen  o.eo  _ L _ I 

concentration  will  not  depend  on  the  oxygen  concentration  inside  the  probe  <>  »  ^  so 

but  on  the  response  time  because  a  fixed  quantity  of  oxygen  will  block  all  secondt  (xio‘ ) 

the  cobalt  centers.  This  behaviour  is  due  to  the  fact  that  the  number  of  metal  Figure  5  Response  curve  of 
ions  which  are  able  to  interact  with  oxygen  inside  the  probe  is  well  defined  the  oxygen  sensor  for  a  step 
and  in  our  case  it  can  be  calculated  taking  into  account  the  dimension  of  the  0%  -*  100^®  ^  oxygen 

probe.  The  calculus  is  based  upon  the  fact  that  oxygen  bridges  between  concentrauon. 


Mcondt(x10'  ) 
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cobalt  ions  so  that  each  mole  of  cobalt  binds  2  moles  of  oxygen,  hence  the  knowledge  of  the  Co(His)2 
concentration  is  sufficient  to  know  the  maximum  concentration  of  oxygen  required,  inside  the  probe, 
to  obtain  a  full  response.  Quite  obviously  information  of  temperature  and  pressure  are  also  necessary 
because  the  quantity  of  oxygen  that  diffuses  inside  the  probe  depends  on  these  parameters.  From  these 
considerations,  it  is  possible  to  estimate  that  a  concentration  of  2x10’^  ppm  of  oxygen  in  the  atmosphere 
surrounding  the  probe  at  25  ®C  and  760  torr  of  pressure  is  sufficient  to  obtain  Ae  maximum  response 
of  the  sensor. 

It  is  apparent  that  this  sensor  is  potentially  useful  to  detect  the  presence  of  oxygen  everywhere  its 
presence  must  be  carefully  avoided:  explosive  environments  and  all  industrial  processes  in  controlled 
atmosphere  are  only  two  examples. 


7.  CONCLUSIONS 

The  present  study  allowed  to  identify  Co(His)2  as  optical  reagent,  working  on  absorption  basis,  for 
oxygen  detection  via  optical  fibers.  In  t^  way  it  was  possible  to  avoid  the  interferences  that  very  often 
char^erize  optical  fiber  sensors  for  the  oxygen  detection  which  exploited  the  quenching  of  the 
fluorescence  emitted  by  organic  fluorophores. 

The  optical  fiber  sensor  here  developed  is  characterized  by  a  small  optrode  which  allows  the 
detections  of  very  low  concentrations  of  molecular  oxygen,  hence  the  sensor  appears  to  be  particularly 
suitable  in  industry  where  it  is  often  important  the  detection  of  extremely  low  quantities  of  oxygen. 
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Introduction 

An  evanescent  wave  immunoassay  system  has  been  developed  to 
measure  the  amount  of  antibody  or  antigen  present  in  a  complex  medium 
such  as  serum  or  whole  blood  quantitatively.  The  use  of  the 
evanescent  wave  enable  much  shorter  measuring  time  than  conventional 
immunoassay  systems ^  ‘ ^  ‘ . 

The  key  technical  devices  are  an  optical  waveguide  and  a 
fluorescent  tag.  The  tag.  uses  f luoresce in  .i soth iocyanate  (FITC) 
excited  at  490  nm. 

In  this  paper  we  consider  the  effect  of  an  exciting  wavelength  on 
the  sensitivity  of  the  system.  Our  experiments  indicate  that  the 
combination  of  an  exciting  wavelength  of  A =650  nm  and  a  1 1 ophycocyan i n 
(APC)  raises  the  sensitivity  of  the  evanescent  wave  immunoassay  by  one 
order  of  magnitude  higher  than  the  sensitivity  level  found  in 
conventional  system. 

Background-no i se 

Characteristic  fluorescence  spectra  of  a  plastic  (PMMA)  optical 
waveguide  exited  at  650  nm  and  at  490  nm  are  presented  in  Fig.  1 
(a).(b).  respectively.  Optical  waveguide  excited  at  650  nm  has  broad 
characteristic  fluorescence  spectra  .  and  its  fluorescence  intensity 
is  approximately  1/20  of  the  intensity  exhibited  by  an  optical 
waveguide  exited  at  490  nm.  Since  it  gives  off  less  background-noise, 
a  higher  sensitivity  can  be  expected. 
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Exper i nent 

The  internal  view  and  block  diagram  of  the  photometer  are  shown 
in  Fig. 2  and  Fig. 3,  respectively.  The  major  components  are  a  laser 
diode,  a  flow  cell  with  an  optical  waveguide,  and  electoronics  for 
data-acquisition.  A  laser  diode  (Tosh i ba. T0LD94 10)  is  modulated  by 
square  waves  at  220  Hz.  The  wavelength  is  stabilized  by  a  thermo¬ 
control  unit  at  a  thermal  fluctuation  of  ±0.01*0.  The  laser  beam  is 
focused  onto  the  front  surface  of  the  waveguide.  A  photomultiplier 
tube  (PMT)  (Hamamatu  Photonics. R2371-02)  is  placed  in  front  of  the 
waveguide  to  monitor  the  change  in  light  intensity.  Two  kinds  of 
filter  between  the  waveguide  and  the  PMT  are  placed  in  order  to  block 
excitation  light.  The  output  signal  is  fed  through  a  lock-in 
amplifier  to  a  computer. 

In  the  system.  APC  is  used  as  the  detectable  reagent  for  reactant 
i.e.  beta-2  m i crogrobur i n.  The  optical  absorption  peak  of  APC  is 
around  630  nm,  which  is  suitable  for  emitting  wavelength  of  the  laser 
diode  used The  fluorescene  of  APC  is  detected  at  a  longer 
wavelength  than  695  nm,  the  point  beyond  wh.ich  bloking  of  excitation 
light  occurs. 

The  dose  response  curves  for  beta-2  m icrogrobur in  measured  by  the 
system  using  APC-labeled  antibody  excited  at  652.2  nm  and  by  the 
system  using  FITC-labeled  antibody  excited  at  490  nm  are  shown  in 
Fig. 4(a)  and  Fig. 4(b).  respectively.  Sensitivity  for  APC  is  10‘‘‘  M 
and  for  FITC  is  lO"*®  M. 

Cone lusion 

The  effect  of  an  exciting  wavelength  on  the  sensitivity  of  the 
evanescent  wave  immunoassay  system  has  been  considered  experimentally. 
Our  results  indicate  the  importance  of  an  exciting  light  at  650  nm  to 
sensitivity.  Additionally,  a  compact  apparatus  can  be  realized  by 
using  a  laser  diode. 
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Fig  1.  Characteristic  fluorescence  spectra  of  a  plastic(PMMA)  optical  waveguide 


Fig  2.  The  iniornal  view  of  the  photometer 
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Opdcal  waveguide 


LD :  Laser  diode 

LI.  L2  :  Achiomats  lens 

L3 :  Cylindrical  lens 

L4 ,  L5  ;  Plano-convex  lens 

FI  :  Dichtoic  niter 

F2  ;  Colored  glass  filter 


Fig.  3  Block  diagram  of  the  photometer 
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Fig.  4  The  response  curves  for  beta-2  microgroburin 
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Remote  detection  of  inflammable  or  poisonous  gases  leaked  into  the  air  is  important  for 
safety  in  chemical  plants  and  facilities.  Recently,  a  real-time  methane  detection  system  with  a 
ppb  sensitivity  using  a  1.66-pm  InGaAsP  distrilntted  feedback  (DFB)  laser  has  been  developed 
by  some  of  the  authors  [1],  [2].  This  system  was  then  combined  with  optical  fibers  to  achieve 
long-distance  detection  of  methane  with  a  2-ppm-m  sensitivity  [3],  which  was  approximately 
three  orders  of  magnitude  improved  over  the  earlier  fiber-coupled  detection  systems  [4],  [5].  A 
detection  system  which  is  capable  of  simultaneous  monitoring  of  two  or  mote  chemical  species 
will  be  of  great  use. 

In  this  paper  we  report  laboratory  simulations  of  long-distance  simultaneous  detection 
of  methane  and  acetylene  with  DFB  lasers  emitting  at  1.66  pm  and  1.53  pm,  respectively.  The 
two  lasers  are  modulated  by  current  modulation  at  different  frequencies  near  50  kHz  and  the 
wavelength  of  each  laser  is  locked  onto  the  center  of  an  absorption  line  of  methane  or  acetylene, 
respectively,  by  using  a  reference  gas  cell.  The  modulated  lightwaves  are  sent  to  and  ^m  a 
10-cm-long  absorption  cell  in  the  probed  area  through  common  4-km  single-mode  fibers  and 
are  received  by  a  photodiode.  Real-time  detection  of  absorption  of  the  two  gases  without 
interferences  is  accomplished  by  phase-sensitive  detection  with  reference  to  each  modulation 
frequency.  Furthermore,  the  ratio  of  the  phase-sensitive-detected  fundamental  and  second- 
harmonic  signals  permits  quantitative  detection  of  gases  even  under  the  circumstances  where 
the  received  laser  power  may  change  owing  to  various  disturbances. 

The  strongest  bands  of  methane  and  acetylene  in  the  wavelength  region  below  2  pm  are 
located  at  1.66  pm  (2v,  band)  and  1.53  pm  (v,-i-v,  band),  respectively.  DFB  lasers  at  these 
wavelengths  have  been  developed  recently  for  use  in  gas  detection  [6]. 

Figure  1  shows  the  absorption  signals  of  the  P(I3)  line  of  the  band  of  acetylene 
in  nitrogen  at  atmospheric  pressure  observed  by  a  1.53-pm  DFB  laser,  llie  laser  injection 
current  was  modulated  sinusoidally  at  a  frequency  /  of  ~50  kHz  for  frequency  modulation 
while  the  laser-center  frequency  was  scanned  by  temperature  tuning.  Trace  (a)  shows  the 
transmitted  power  while  traces  (b)  and  (c)  show  the  phase-sensitive-detected /(fundamental) 
and  2/  (second  harmonic)  signals,  respectively.  The  three  traces  were  recorded  simultaneously 
as  functions  of  the  laser  junction  voltage  that  proved  to  be  a  good  monitor  of  the  oscillation 
frequency  [7],  [8].  The  Q  branch  of  the  2v,  band  of  methane,  on  the  other  hand,  consists  of 
dense  but  distinct  lines  [2],  [3].  The  P(13)  line  of  acetylene  and  the  Q(6)  line  of  methane  are 
both  one  of  the  strongest  lines  in  respective  absorption  bands.  The  peak  absorption  coefficients 
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of  the  P(I3)  line  of  acetylene  and  the  Q(6) 
line  of  methane  at  atmospheric  pressure  are 
calculated  to  be  0.8  cm  '-  atm  '  and  0.4 
cm  '-  atm  ',  respectively,  which  are  12  and 
25  times  smaller  than  that  of  the  ^cal  strong 
absorption  line  of  methane  at  3.4  pm  [9]. 

As  shown  in  Fig.  1(b),  the  /  signal 
suffers  a  large  offset  (Note  that  zero  level 
is  common  to  the  three  traces.)  This  is  due 
to  the  fact  that  the  modulation  of  the  injection 
current  results  in  intensity  nxKlulation  as  well 
as  frequency  modulation.  On  the  other  hand, 
the  offset  in  the  2/  signal  is  much  smaller  as 
shown  in  Fig.  1(c),  indicating  that  the  2/ 
signal  is  more  advantageous  for  absorption 
detection.  If  the  frequency  of  the  laser  is 
stabilized  at  the  center  of  an  absorption  line, 
one  can  measure  in  real  time  the  amount  of 
gas  from  the  2/  signal  once  the  signal  intensity 
is  calibrated.  The  /-signal  intensity,  on  the 
other  hand,  is  directly  proportional  to  the 
laser  power  received  by  the  detector. 
Therefore  the  2/-signal  intensity  normalized 
by  the/-signai  intensity  indicates  the  amount 
of  gas  independently  of  the  received  laser 
power,  as  investigated  in  earlier  studies  [2], 
[10].  This  ratioing  technique  for  quantitative 
detection  of  gases  will  be  useful  when  the 
received  laser  power  may  change  owing  to 
fiber  deformation,  changes  in  optical 
alignment,  attenuation  by  dust  in  the  probed 
region,  etc. 

Figure  2  depicts  the  block  diagram 
of  a  set  of  the  laser  transmitter  and  modulator- 
controller.  The  diode  laser  is  mounted  on  a 
thermoelectric  element  which  controls  the 
laser  operating  temperature  to  stabilize  the 
oscillation  frequency.  The  laser  is  modulated 
by  a  sinusoidal  current  of  /  =  49.5  kHz  for 
acetylene  (or  46.5  kHz  for  methane),  which 
is  superposed  upon  a  constant  dc  injection 
current.  The  laser  light  is  emitted  from  both 
the  front  and  the  back  facets  of  the  laser 
chip.  The  light  emitted  forward  is  used  as 
the  probe  beam.  The  power  of  the  probe 
beam  is  about  1  mW.  The  backward  light 
passes  through  a  3-cm-long  reference  cell 
containing  1  %  acetylene  (or  7  %  methane) 
mixed  with  nitrogen  at  1  atm  and  is  received 


Hg.  1.  Absorption  signals  of  the  P(13)  line  of 
the  V]  +V3  band  of  acetylene  at  atmosi^ric 
pressure  observed  by  a  1.53-pm  DFB  laser. 
U)  The  transmitted  power,  and  (b)  the 
fundamental  and  (c)  the  second-hannonic 
phase-sensitive-detected  signals.  The  zero 
level  is  common  to  the  three  traces.  Acetylene 
concentration:  1  %;  cell  length:  3  cm. 


Fig.  2.  Schematic  diagram  of  the  laser 
transmitter  and  the  m^ulator-controller. 
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by  a  photodiode.  The  output  of  the  detector 
is  phase-sensitive  detected  at /by  a  lock-in 
amplifier.  The  signal  from  the  lock-in 
amplifier  is  integrated  after  appropriate 
offset  compensation  and  is  fed  into  the 
current  source  of  the  thermoelectric 
element.  The  fluctuation  of  the  laser 
frequency  thus  stabilized  at  the  center  of 
the  P(13)  line  of  acetylene  (or  Q(6)  line 
of  methane)  is  less  than  ±10  MHz. 

Figure  3  shows  the  setup  for 
laboratory  simulations  of  simultaneous 
detection  of  methane  and  acetylene.  The 
two  laser  lightwaves  thus  modulated  and 
stabilized  are  combined  by  a  fiber  coupler 
and  are  transmitted  through  a  4-km-long 
single-mode  fiber.  The  combined  laser 
beam  then  passes  through  a  10-cm-long 
absorption  cell  where  the  gas  is  probed. 
Methane-nitrogen  and  acetylene-nitrogen 
mixtures  of  calibrated  concentrations  are 


supplied  from  a  gas  handling  system.  The  „  .  ,  .  . 

laser  beam  .ransmU.ed  .brcugh  .be 
absorption  celt  is  focused  into  another  4- 

km  single-mode  fiber  and  is  finally  received  by  an  InGaAs  p-i-n  photodiode.  The  output  signal 
of  the  detector  is  sent  to  four  lock-in  amplifiers,  which  detect  the/ and  2/ components  of  the 
two  modulation  frequencies.  Analogue  dividers  are  used  to  normalize  the  2/  signal  by  the  / 
signal  for  both  modulation  frequencies.  The  outputs  of  the  dividers  are  recorded  simultaneously 
on  a  chart  recorder. 


Figure  4  shows  the  2/  signal 
normalized  by  the  /  signal  for  /  =  49.5 
kHz  obtained  when  a  l(X)0-ppm  acetylene 
gas  at  atmospheric  pressure  was  introduced 
into  the  absorption  ceil  and  then  purged 
by  pure  nitrogen.  The  signal  averaging 
time  was  1  s.  Since  the  signal-to-noise 
ratio(S/N)  in  Fig.  4  is  about  300,  the 
minimum  detectable  concentration  of 
acetylene  in  air  in  a  10-cm  absorption 
pathlength  is  calculated  to  be  3  ppm 
assuming  that  S/N=l  gives  the  detection 
limit.  A  similar  measurement  for  methane 
gave  a  detection  sensitivity  of  5  ppm.  The 
difference  in  detection  sensitivity  between 
the  two  gases  can  be  attributed  to  the 
difference  in  absorption  coefficient 
mentioned  above. 

Figure  5  shows  the  result  of 
simultaneous  detection  of  methane  and 


Time 


Fig.  4.  The  normalized  detection  signal  of 
KXlO-ppm  acetylene  in  a  10-cm-long 
absorption  cell.  Signal  averaging  time:  1  s. 
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acetylene.  Traces  (a)  and  (b)  are  the 
nonnalized  signals  obtained  with  reference 
to  49.5  kHz  and  46.5  kHz,  respectively, 
when  lOOO-ppm  acetylene  and  5000-ppm 
methane  were  introduced  successively  into 
the  absorption  cell.  This  result  indicates 
that  there  is  no  appreciable  interference 
between  the  two  signals. 

In  summary,  long-distance  real¬ 
time  simultaneous  detection  of  methane 
and  acetylene  by  using  DFB  lasers  in 
combination  with  4-km  optical  fibers  has 
been  demonstrated  by  laboratory 
simulations.  Detection  sensitivities  of  5 
ppm  and  3  ppm  for  methane  and  acetylene, 
respectively,  have  been  obtained  with  a 
10-cm-long  absorption  cell.  The  present 
method  can  be  extended  to  multi-gas 
detection  if  diode  lasers  of  appropriate 
wavelengths  are  available. 
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Fig.  5.  The  result  of  simultaneous  detection  of 
nrethane  and  acetylene.  Traces  (a)  and  (b)  are  the 
normalized  signals  obtained  >vith  reference  to  49.5 
kHz  and  46.5  kHz,  respectively,  for  lOOO-ppm 
acetylene  and  5000-ppm  methane  in  a  10-cm-long 
absorption  cell. 
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Status  Of  Fiber  Optic  Acoustic  Sensing 


Aileen  M.  Yurek 
Naval  Research  Laboratory 
Optical  Sciences  Division 
Code  6574 

Washington.  D.  C.  20375>5000 

Abstract 

In  the  past  few  years  a  great  deal  of  development  effort  has  gone  into  fiber  optic  hy¬ 
drophones  for  a  variety  of  Naval  applications.  Significant  demonstrations  of  fiber  optic 
hydrophone  technology  have  taken  place  in  fixed  undersea,  towed  array,  submarine 
and  Arctic  environments. 


Introduction 

Fiber  optic  hydrophone  technoiogy  is  beginning  to  be  considered  a  viable  alternative 
to  conventional  hydrophones  for  several  Navy  applications.  In  the  past  few  years  there 
have  been  a  variety  of  demonstrations  in  which  fiber  optic  hydrophones  have  shown 
similar  and  sometimes  superior  performance  to  conventional  hydrophones  in  side  by 
side  comparisons  in  realistic  test  environments.  Among  these  demonstrations  have 
been  the  deployment  and  testing  of  two  fiber  optic  hydrophones  in  the  Arctic  by  the 
Naval  Research  Laboratory  (NRL)i^i,  a  48-channel  towed  array  built  by  Litton  Guidance 
and  Control  Systems  (LGCS)i^i  under  contract  to  NRL,  a  one-to-one  comparison  of  a 
fiber  optic  and  a  conventional  hydrophone  in  a  submarine  application  by  LGCSi^i,  and  a 
proof  of  concept  test  of  a  planar  hydrophone  for  hull  array  applications  by  NRU^i.  A 
fixed  underwater  array  built  by  Plessey  Naval  Systems  has  been  in  continuous  opera¬ 
tion  since  19861^. 

Research  is  also  continuing  in  the  areas  of  hydrophone  and  demodulation  system 
development.  Several  laboratories  have  been  looking  at  small  diaphragm  based  hydro¬ 
phone  designs  using  Fabry-Perot  interferometers  and  recently  Lawrence  Livermore 
National  Laboratory  has  demonstrated  a  prototype  hydrophone  of  this  designl^i. 
Research  is  continuing  at  the  Naval  Postgraduate  School  on  flexural  disk  hydro- 
phonesi^  as  well  as  other  novel  designs.  Several  laboratories  are  looking  into  alterna¬ 
tives  to  the  conventionai  analog  processing  of  fiber  optic  hydrophone  data. 

Which  type  of  hydrophone  is  chosen  for  a  given  application  depends  upon  the  re¬ 
quired  sensitivity  and  dynamic  range  as  well  as  the  operational  environment.  For  most 
non-Arctic  applications  10  dB  below  sea  state  zero  is  the  required  threshold  detection 
with  a  dynamic  range  of  ^  95  dB.  For  Arctic  applications  an  additional  1 0  dB  of  sensitiv¬ 
ity  is  required.  With  a  minimum  detectable  phase  shift  of  3  prad  at  1  kHz,  these  specifi¬ 
cations  postulate  the  hydrophone  sensitivity  to  be  ^  -145  dB  re  rad/pPa  -135  dB  re 
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rad/^Pa  for  Arctic  applications).  Besides  having  the  desired  sensitivity  in  the  lab,  in 
most  viable  hydrophone  designs  the  sensitivity  does  not  change  over  the  temperature 
and  hydrostatic  pressure  ranges  of  interest.  As  an  example,  one  could  imagine  an 
array  of  hydrophones  located  in  a  water  column  where  the  temperature  at  one  end  of 
the  column  is  different  than  that  at  the  other.  Short  of  having  a  temperature  sensor  at 
each  hydrophone,  there  would  be  no  way  to  characterize  the  sensitivity  of  the  individual 
devices.  Also,  in  many  applications  the  hydrophones  are  moving;  in  these  applications 
it  is  difficult  to  characterize  the  hydrostatic  pressure  and  ambient  temperature  of  each 
hydrophone  in  real  time.  Furthermore,  useful  hydrophones  must  not  have  mechanical 
resonances  in  or  near  the  frequency  band  of  interest.  While  the  non-constant  sensitivity 
due  to  a  resonance  may  be  computationally  removed,  the  rapidly  varying  phase  that 
generally  accompanies  resonant  behavior  is  not  so  easily  dealt  with  and  may  introduce 
errors  in  a  beamformed  output. 

At  the  present  time,  most  of  the  hydrophones  which  have  undergone  field  trials  have 
been  of  mandrel  design.  There  are  several  reasons  why  this  is  true.  First,  much  of  the 
initial  effort  in  fiber  optic  acoustic  sensing  has  been  in  the  area  of  towed  arrays.  A  man¬ 
drel  design  is  an  obvious  choice  for  this  application.  Also,  it  is  easy  to  increase  the  sen¬ 
sitivity  of  a  mandrel  design  by  increasing  the  amount  of  optical  fiber  wrapped  on  it. 
Sensitivity  to  longitudinal  acceleration  may  be  essentially  eliminated  by  proper  choice  of 
materials  or  by  proper  mounting.  Additionally,  the  experience  of  many  of  the  research¬ 
ers  in  the  field  to  date  has  been  that  it  is  simpler  to  remove  or  damp  undesirable  reso¬ 
nances  in  mandrel  structures  than  in  many  other  structures. 

Mandrel  hydrophone  sensitivity  depends  primarily  upon  two  factors:  the  material  of 
which  the  device  is  made  and  the  amount  of  optical  fiber  which  is  wrapped  on  it. 
Additionally,  one  may  incorporate  air  into  the  mandrel  design  to  increase  sensitivity. 
Generally  the  mandrel  responds  to  the  acoustic  signal,  stretching  or  compressing  the 
optical  fiber,  the  change  in  phase  of  the  light  in  the  optical  fiber  is  proportional  to  the  ap¬ 
plied  acoustic  field.  Additional  sensitivity  may  be  achieved  by  using  a  Michelson  inter¬ 
ferometer  configuration  rather  than  a  Mach  Zehnder  or  by  using  a  push-pull  designi®! 
where  both  arms  of  the  interferometer  are  used  for  sensing.  Either  of  these  techniques 
will  add  6  dB  of  sensitivity.  Non-mandrel  hydrophones  such  as  flexural  disks,  prolate 
spheroids,  and  coated  fiber  designs  also  consist  of  optical  fiber  closely  contacted  to  a 
compliant  medium,  thus  the  sensitivities  of  these  devices  depend  upon  the  same  factors 
as  the  mandrels.  Only  the  Fabry-Perot  diaphragm  type  hydrophone  sensitivities  depend 
entirely  upon  the  characteristics  of  the  materials  of  which  they  are  constructed;  there  is 
no  interaction  length  of  optical  fiber  in  these  devices.  Most  of  the  fiber  optic  hydro¬ 
phones  which  have  been  field  tested  have  been  mandrels  constructed  of  either  solid 
plastic  or  of  air-backed  plastic  or  metal. 

It  is  clear  that  too  little  hydrophone  sensitivity  will  not  meet  operational  requirements. 
However,  hydrophones  which  are  far  more  sensitive  than  necessary  to  achieve  the  min¬ 
imum  detectable  signal  requirement  may  also  introduce  problems.  Designs  which  are 
highly  sensitive  to  acoustic  signals  usually  are  also  sensitive  to  hydrostatic  pressure;  the 
optical  fiber  wrapped  on  a  highly  sensitive  hydrophone  may  exceed  its  tensile  limit  be- 
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fore  it  ever  reaches  operating  depth.  Highly  sensitive  air  backed  hydrophones  may 
reach  their  plastic  deformation  limit  before  they  reach  operating  depth. 

Many  applications  require  that  the  hydrophones  be  operational  in  a  changing  tem¬ 
perature  and  hydrostatic  pressure  environment.  While  catastrophic  failure  (crushing  the 
hydrophone  or  breaking  the  fiber)  may  not  occur  in  these  situations,  care  must  be  taken 
such  that  the  acoustic  signals  are  not  contaminated  by  spurious  information.  Here 
again,  too  much  hydrophone  deformation,  either  due  to  temperature  or  hydrostatic  pres¬ 
sure,  can  be  a  problem.  One  way  to  deal  with  large  temperature  gradients  is  to  build 
the  hydrophones  in  the  push-pull  configuration.  Because  both  arms  of  the  interferome¬ 
ter  in  this  type  of  hydrophone  respond  in  the  same  direction  to  a  temperature  change, 
the  thermal  effect  would  cancel.  However,  many  field  applications  require  that  the  hy¬ 
drophones  be  booted  in  solid  or  fluid  filled  containers.  These  fill  materials  respond 
slowly  to  temperature  change,  hence  effects  due  to  thermal  drift  will  occur  at  very  low 
frequencies  and  will  probably  be  outside  the  band  of  interest.  Rapid  hydrostatic  pres¬ 
sure  changes  are  far  more  of  a  problem.  The  change  in  hydrostatic  pressure  results  in 
the  hydrophone  interferometer  cycling  through  fringes;  the  more  sensitive  the  hydro¬ 
phone,  the  more  rapid  the  cycling.  With  present  demodulation  techniques  fringe  cycling 
can  introduce  spurious  signals  in  the  processed  output.  If  the  frequencies  of  these  spu¬ 
rious  signals  are  high  enough,  they  appear  as  tonals  in  the  frequency  band  of  interest; 
or,  if  the  spurious  signals  are  still  higher  in  frequency,  they  may  overload  the  demodula¬ 
tor.  A  push-pull  hydrophone  responds  to  hydrostatic  pressure  changes  in  the  same  way 
it  responds  to  acoustic  signals;  this  design  does  not  provide  any  advantages  in  a  fluctu¬ 
ating  hydrostatic  pressure  environment. 

In  most  fiber  optic  hydrophone  systems,  the  fundamental  limitation  of  the  dynamic 
range  is  not  the  hydrophone  itself,  but  the  electro-optic  system  used  to  interrogate  it. 
While  state  of  the  art  electro-optic  systems  utilizing  non-planar  ring  Nd:YAG  lasers  and 
phase  generated  carrier  demodulators^^)  have  minimum  detectable  phase  shifts  of 
3prad/VHz  at  1  kHz  and  dynamic  ranges  in  excess  of  120  dBh°),  this  is  much  less  than 
the  -250  dB  dynamic  range  of  the  hydrophone  elements  themselves.  However,  the  en¬ 
tire  dynamic  range  of  the  hydrophone  is  present  at  the  detector,  so  that  if  processing  of 
the  entire  dynamic  range  is  desired  it  may  be  done  using  multiple  demodulators.  These 
multiple  demodulators  could  use  different  demodulation  techniques  depending  upon 
the  part  of  the  frequency  range  and  dynamic  range  they  are  covering.  These  could  in¬ 
clude  fringe  counting  and  phase  generated  carrier  techniques  as  well  as  a  variety  of 
other  analog  and  digital  methods.  In  general  the  minimum  detectable  phase  shift  of  the 
electro-optic  system  is  set  by  the  laser  phase  noise;  however,  with  noise  suppression 
techniques  the  laser  phase  noise  can  be  brought  very  close  to  the  electronic  noise  floor 
over  much  of  the  frequency  range  of  interest.  The  dynamic  range  limitation  is  due  pri¬ 
marily  to  nonlinearity  in  the  analog  demodulation  scheme.  Work  is  ongoing  at  many  lo¬ 
cations  to  make  improved  demodulators  using  alternate  analog  or  digital  techniques.  At 
this  time,  for  systems  with  all-optical  interrogation,  it  appears  that  the  phase  generated 
carrier  approach  is  still  the  technique  that  gives  the  largest  dynamic  range  with  the 
smallest  minimum  detectable  phase  shift. 
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Multiplexed  hydrophone  systems  are  also  moving  from  the  laboratory  to  the  field. 
The  LGCS  towed  array  utilized  frequency  division  multiplexing  and  the  Plessey  array  is 
a  time  division  multiplexed  system.  The  performance  of  the  LGCS  48-channel  system 
was  not  degraded  because  of  the  use  of  multiplexing.  Many  future  systems  will  depend 
upon  multiplexing  to  reduce  fiber  count  and  overall  cost. 

More  details  of  the  various  field  trials  of  fiber  optic  hydrophone  systems  and  some  of 
the  results  will  be  discussed  at  the  meeting. 
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F1 .2  Parallel-Wrapped  Optical  Fiber  Interferometric  Ellipsoidal 

Shell  Acoustic  Sensors 

David  A.  Brown  (Physics  Department,  Code  PH) 

Naval  Postgraduate  School,  Monterey,  CA  93943. 

Introduction 


High  sensitivity  interferometric  acoustic  sensors  have  been  demonstrated  using  optical  fiber 
interferometry  and  ellipsoidal  shells.  A  new  push-pull  winding  scheme  has  been  test^  in  which 
circular  windings  of  optical  fiber  are  bonded  to  the  pole(s)  and  to  the  equator  of  an  ellipsoidal  shell. 
Previous  push-pull  ellipsoids  incorporated  one  leg  of  the  interferometer  around  the  equator  and  the 
second  around  the  meridional  circmnference.  In  the  new  scheme  the  polar  leg  replaces  the 
equatorial  leg  while  maintaining  the  desired  push-pull  performance. 

A  thin  oblate  ellipsoidal  shell  produces  surface  strains  of  opposite  sign  when  subject  to  a 

uniform  pressure  loading.  Generally,  if  the  aspect  ratio,  a/b,  exceeds  the  quantity,  (2  - 

where  v  is  Poisson's  ratio,  the  meridional  circumferential  strain  will  be  compressive,  while  the 
equatorial  circumferential  strain  will  be  tensile  [Ref.  1-3].  If  one  winds  optical  fiber  around  these 
two  principle  circumferences,  the  differential  strains  can  be  detected  in  a  push-pull  fashion  in  the 
legs  of  an  optical  fiber  interferometer.  In  this  meridional  /  equatorial  winding  configuration,  the 
two  optical  fibers  comprising  the  legs  of  the  interferometer  cross  at  both  the  equator  and  crown  of 
the  shell,  hence,  we  refer  to  this  transducer  as  a  "cross-wrapped"  ellipsoidal  shell.  An  illustration 
of  the  "cross- wrapped"  ellipsoidal  shell  is  provided  in  Figure  la. 

A  disadvantage  in  the  orientation  of  the  optical  fibers  in  the  "cross-wrapped"  design  is  that 
when  using  "squat"  shells  (large  aspect  ratio)  a  problem  exists  in  exceeding  the  maximum  bend 
radius  of  the  optical  fiber  in  the  meridional  leg  as  it  crosses  the  equator.  This  restriction  has 
motivated  the  discovery  of  a  new  winding  approach  that  maintains  the  desired  push-pull  detection 
and  alleviates  the  bend  radius  limitation  by  using  two  "parallel"  circular  windings  of  optical  fiber. 
A  fiber  optic  oblate  push-pull  flextensional  transducer  can  be  obtained  by  using  a  parallel  fiber 
wrapping  technique  in  which  one  leg  is  wound  on  the  equator  of  the  ellipsoid  and  the  second 
circular  (parallel)  fiber  winding  is  wound  or  bonded  to  the  poles  of  the  oblate  ellipsoid.  An 
illustration  of  the  "parallel-wrap"  design  is  provided  in  Figure  lb. 

Theoretical  sensitivity 


The  acoustic  sensitivity  of  an  interferometric  transducer  is  the  amount  of  relative  phase 
induced  between  the  legs  of  the  interferometer  per  unit  pressure  applied  to  the  transducer.  The 
major  contribution  of  phase  change  arises  from  the  axial  strain  in  the  optical  fiber(s).  The  axial 
strain  also  induces  a  change  in  the  index  of  refraction  of  the  optical  fiber,  resulting  in  a  contribution 
to  the  total  phase  modulation  that  is  approximately  20%  of  direct  length  change  contribution  and  of 
opposite  sign.  If  we  make  the  assumption  that  all  of  the  optical  fi^r  in  one  leg  is  placed  on  the 
"true"  equator  of  the  ellipsoid  and  that  all  of  the  optical  fiber  in  the  second  leg  is  placed  near  the 
pole  at  a  radial  distance  x  perpendicular  to  the  axis  of  rotation  of  the  ellipsoidal  shell,  then  the 
acoustic  sensitivity  of  the  "parallel-wrapped"  optical  fiber  ellipsoidal  shell  transducer  can  be  shown 
to  be  [Ref.  3] 
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The  multiplicative  factor,  3,  accounts  for  the  reduction  in  sensitivity  due  to  the  photoelastic  effect 

and  is  approximately  equal  to  0.80,  ^  is  the  interferometer  configuration  parameter  which  accounts 
for  the  number  of  passes  of  light  through  the  sensing  fiber  before  it  combines  inteferometrically,  n 
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is  the  index  of  refraction  of  the  optical  fiber  core,  X  is  the  vacuum  wavelength  of  the  light,  a  is  the 
semi-major  axes  of  the  ellipse,  b  is  the  semi-minor  axes  (the  axis  of  rotation  for  an  oblate 

spheroid),  E  is  the  Young's  modulus,  v  is  Poisson's  ratio,  and  x  is  the  Cartesian  coordinate  equal 
to  the  radius  of  the  circular  wrap  of  optical  fiber  near  the  pole  of  the  shell. 


Figure  1.  Illustration  of  a)  "cross-wrapped"  ellipsoid,  b)  "parallel- wrapped"  ellipsoid. 

Separation  of  regions  of  compressional  and  tensile  strain:  Nodal  circles 

It  is  of  interest  to  determine  the  coordinate  at  which  the  circular  strain  changes  sign.  This 
"nodal  circle"  will  set  the  practical  limit  to  which  optical  fiber  of  a  given  interferometric  leg  could 
be  wrapped  while  still  exploiting  the  intrinsically  differential  nature  of  the  interferometer.  The 
location  of  the  nodal  circle  in  terms  of  the  x  coordinate  of 
the  ellipse  can  be  shown  to  be  [Ref.  3] 
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The  0-strain  or  circular  strain  (normalized  by  the  factor  2g  p  is  plotted  versus  <|>  in  Figure  2, 
where  (|>  is  the  angle  between  the  radius  of  curvature  (to  a  meridional  segment)  and  the  axis  of 
revolution,  b.  The  0-strain  is  plotted  on  the  same  graph  as  a  function  of  the  true  azimuthal  polar 
angle,  (j>polar-  Note  that  the  strain  does  indeed  change  sign  reaching  a  relative  maximum  at  the 
equator  ((|)polar  =  <j)  =  nH  radians).  Also  note  that  for  a  given  strain,  <{>  ^  <^lar  .  and  that  the 
strain  is  relatively  constant  near  the  pole  in  the  range  ±0.5  radians  in  <|>polar  •  The  relationship 
between  ([)  and  <|)polar-is  given  below 
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Figure  2.  The  normalized  6-strain  plotted  versus  <|>  (the  angle  assodated  vidth  the  radius  of 
curvature)  and  plotted  as  a  function  of  the  polar  angle,  <|>pdar  fco*  a  Poisson's  ratio  =  0.4  and  an 
aspect  ratio,  a/b  =  2. 

Fabrication 

An  oblate  spheroidal  shell  was  construct  using  Stycast™  1266  castable  epoxy  to  test  the 
parallel  wrap  flb^  optic  detection  scheme.  The  aspect  ratio  of  the  finished  oblate  spheroidal  shell, 
a/b,  was  1.96,  with  the  major  axis  equal  to  10.36  cm  (outer  diameter)  and  the  minor  axis  equal 
5.28  cm  (outer  diameter).  The  actual  shell  thickness  of  the  Stycast™  spheroid  varied  from  a  high 
of  0.91  mm  (0.036  inches)  at  the  both  the  equator  and  the  poles  to  a  low  of  0.81  mm  (0.032 
inches)  between  the  pole  and  the  equator  of  the  shell.  In  the  azimuthal  direction,  the  shell  thickness 
was  uniform  with  variations  less  than  0.(X)1  inches.  The  finished  polar  coil  of  optical  fiber  had  an 
inner  radius  of  1.6  cm  and  an  outer  radius  of  3.9  cm  and  a  total  length  of  4.00  meters  of  active 
fiber.  The  fiber  on  the  equator  consisted  of  12  turns  of  optical  fiber  for  a  total  active  equatorial 
length  of  3.83  m 

Optical  sensitivity  measurements 

The  optical  fiber  was  first  wound  around  and  then  epoxied  to  the  equator  of  the  ellipsoid, 
keeping  the  second  leg  detached  from  the  sensor,  in  order  to  obtain  sensitivity  measurements  of  the 
individual  leg  of  the  interferometer.  The  acoustic  sensor  (with  temporary  reference  leg  wrapped  as 
a  pancake  coil  to  be  later  mounted  on  the  pole  of  the  ellipsoid)  was  inserted  into  a  cylindrical 
coupler  calibrator.  Using  a  fnnge  counting  calibration  measurement  technique,  the  measured 
acoustic  sensitivity  of  the  single  interferometric  leg  was  found  to  be  0.99  ±  0.02  ra^a.  Data  was 
obtained  in  the  frequency  range  fi-om  30  to  100  Hz.  Noting  the  radian  path  length  of  the  4.02m 

equatorial  leg,  we  arrive  at  a  normalized  sensitivity  based  on  measurement  of  A<)>/(|tAp  =  1.14  x  10- 
8  Pa- 1  or  -279.2  dB  re  ^Pa-l. 
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The  second  leg  of  the  interferometer  was  then  epoxied  to  the  pole  (one  pole  only)  and  the 
push-pull  performance  of  the  alternative  winding  scheme  was  fully  tested.  A  photograph  of  the 
sensor  placed  in  the  calibrator  is  shown  in  Figure  3.  The  average  overall  sensitivity  using  both 
legs  was  determined  to  be  1.44  rad/Pa.  The  push  pull  performance  was  clearly  demonstrated  since 
the  addition  of  the  second  leg  increased  the  sensitivity  from  0.99  to  1.44  rad/Pa  for  a  net  increase 
of  0.45  rad/Pa.  The  normalized  sensitivity,  obtained  by  dividing  the  radian  path  length  by  the 
average  interferometer  leg  length,  is  -276  dB  re  pPa‘l. 


Figure  3.  Photograph  of  the  fiber  optic  oblate  ellipsoidal  acoustic  senor  inside  the  calibrator 
with  the  polar  and  equatorial  legs  attached  to  the  sensor. 
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1  Introduction 

Acoustic  emission  (AE)  has  been  riiown  to  be  a  useful  technique  in  monitoring  the  state  of  wear  in  machine 
tools  [1].  AE  (or  stress  wave  emission)  produced  by  metal  cutting  processes  generates  various  wave  modes 
in  the  tool  and  workpiece,  including  out  of  plane  vibrations  of  anq>litude  in  the  order  of  Inm,  in  the 
frequency  range  0.1-lMHz.  Conventionally,  contacting  piezoelectric  transducers  have  been  used  for  AE 
detection.  These  are  generally  resonant  devices  with  maximum  sensitivities  in  the  region  lOOkHz-SOOkHz 
and  relatively  narrow  bandwidths.  A  non-contact  technique  of  broader  bandwidth  would  be  preferred  [2]. 
We  have  developed  a  technique  based  on  a  fibre  optic  homodyne  Michelson  interferometer  [3]  with  a  robust 
probe  head  which  is  capable  of  detection  of  AE  waves  during  milling  and  other  machining  operations.  AE 
was  detected  probing  both  the  workpiece  and  the  rotating  tool  holder. 

2  Interferometer  design 

A  schematic  diagram  of  the  interferometer  is  shown  in  fig.  1.  This  consists  of  a  Michelson  interferometer 
generating  antiphase  outputs  using  some  novel  polarisation  features.  A  fibre  loop  reflector  was  used  in  the 
reference  arm  using  a  birefringence  controller  so  that  the  intensity  of  the  return  from  this  arm  could  be 
controlled.  A  piezoelectric  cylinder  fibre  stretcher  [4]  was  used  as  a  phase  modulator  in  the  reference  arm 
as  part  of  a  servo  loop  to  maintain  the  interferometer  at  phase  quadrature  [5].  Polarisation  control 
was  included  before  the  phase  modulator  to  maintain  the  beam  in  a  polarisation  eigenstate  of  the  d)rnamic 
birefringence  of  the  phase  modulator.  A  polarisation  controller  was  included  in  the  signal  arm  to  match  the 
polarisation  states  of  signal  and  reference  returns  and  thus  maximise  fringe  visibility.  It  may  be  shown  that 
complete  control  of  birefringence  in  the  loop  reflector  allows  independent  control  of  both  reflection  coefficient 
and  return  polarisation  state,  thus  this  could  be  used  to  ensure  that  the  return  beam  was  always  rejected  by 
the  polarising  beamsplitter.  Thus  detectors  D2  and  D3  gave  antiphase  outputs  and  feedback  to  the  HeNe 
laser  was  minimised.  The  output  signal  was  obtained  by  subtracting  antiphase  outputs.  For  small  signals 
around  a  quadrature  bias  point,  this  leads  to  sm  output  intensity  which  varies  linearly  with  optical  phase 
and  thus  with  surface  displacement.  Fibre  um  lengths  were  balanced  to  within  1mm  using  an  FM  technique 
with  a  laser  diode.  D1  and  D4  were  used  in  setting  up  the  interferometer. 

The  probe  was  designed  for  an  N.A  of  0.012,  yielding  a  SOpm  spot  size  and  a  1mm  depth  of  focus  in  an 
aberration-free  system.  The  probe  consisted  of  a  2mm  dia  ball  lens  bonded  at  a  precisely  controlled  distance 
from  the  fibre  end,  which  was  held  in  a  capillary  tube.  The  region  between  fibre  and  lens  was  flooded  with 
index  matching  adhesive.  Prior  analysis  had  shown  that  such  a  single  element  probe  gave  sufficiently  low 
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coupling  lo6S  when  the  lens  was  sufficiently  small.  The  probe  fibre  was  enclosed  in  protective  tubing  to  avoid 
damage  in  noachine  tests. 

Vibrations  in  the  milling  machine  lead  to  large  fluctuations  in  the  signal  arm  optical  path  length  due  to 
movement  of  the  target  surface  and  to  vibration  coupled  into  the  fibre,  via  the  strain  optic  effect.  A  type  2 
second  order  servo  was  used  [7]  with  the  general  transfer  function 


H{»)  = 


K(s  +  a) 
s»  +  iiTs  +  Ka 


and  was  a4justed  for  a  bandwidth  of  around  3kHs.  This  gave  a  rejection  of  unwanted  path  length  variations 
increasing  by  40dB/decade  as  frequency  is  decreased  below  resonance.  Path  length  changes  of  up  to  200pm 
could  be  compensated. 

With  the  interferometer  locked  in  quadrature,  any  surface  movement  within  the  servo  bandwidth  may  be 
detected  by  monitoring  the  error  signal,  ie  the  voltage  applied  to  the  phase  modulator.  (This  signal  will  siiffer 
some  contamination  due  to  vibrations  of  the  probe  lead.)  Higher  frequency  surface  displacements  are  allowed 
to  modulate  the  phase  and  hence  the  output  intensities  of  the  interferometer.  The  AE  signal  was  obtained 
using  a  lOOkHz-lMHz  bandpass  filter.  In  the  lab,  noise  levels  in  the  filtered  AE  signal  were  typically  50pm 
peak  to  peak  {Ifirad/y/Hz  averaged  over  the  bandwidth).  This  was  chiefiy  due  laser  frequency  noise  via 
unwanted  reflections  and  Rayleigh  scattering. 


3  Experiment 

Tests  were  done  milling  mild  steel  blocks  using  4  and  6  point  tools  in  a  Wadkins  CNC  milling  machine. 

In  the  first  set  of  tests,  the  probe  addressed  the  polished  end  face  of  the  block  (fig  7)  as  the  block 
was  milled  using  a  6-point  cutter.  The  servo  successfully  tracked  the  surface  during  cutting,  producing  the 
periodic  low  frequency  surface  displacement  signal  shown  in  fig  2a.  This  signal  is  related  to  the  force  exerted 
by  the  tool  on  the  workpiece  via  the  stiffriess  of  the  workpiece  mounting.  The  peaks  thus  correspond  to  tooth 
engagements.  In  this  cutter,  three  raised  teeth  exert  most  force  on  the  workpiece,  whilst  less  prominent  teeth 
contribute  little  to  the  cutting  process.  Bursts  of  acoustic  emission  were  detected  and  found  to  coincide  with 
tooth  engagement,  as  expected  (fig2b). 

In  order  to  verify  that  the  detected  signal  was  indeed  caused  by  AE,  a  broadband  piezo  transducer 
was  attached  to  the  workpiece  and  the  signals  from  interferometer  and  piezo  recorded  simultaneously  (fig 
3).  There  was  a  clear  corrolation  between  bursts  from  the  interferometer  and  from  the  piezo,  although  the 
interferometer  also  suffered  from  some  additional,  shorter  timescale,  burst  type  noise.  A  section  of  these 
signab  is  shown  on  a  shorter  timescale  in  fig  4.  They  show  similar,  but  not  identical,  periodic  structure. 
This  is  not  surprising  as  they  were  probing  different  parts  of  the  workpiece  and  experienced  different  signal 
reflections  etc.  Power  spectra  of  the  two  signals,  obtained  by  1024  point  FFT,  are  shown  in  fig  5.  These 
show  the  same  broad  peaks  at  roughly  lOOkHz  intervals,  with  little  distinct  information  above  500kHz. 

In  the  second  set  of  tests,  the  probe  was  used  to  address  the  rotating  surface  of  a  4-point  tool  holder.  The 
surface  was  polished  to  provide  a  sufficiently  strong  return  signal.  Again,  AE  was  detected  during  the  cutting 
of  mild  steel.  Signals  from  the  interferometer  and  a  reference  piezo  transducer  attached  to  the  workpiece  are 
shown  in  fig  6.  This  approach  was  more  noise  sensitive  than  probing  the  workpiece  directly  as  imp^ections 
in  the  tool  holder  surface  appear  as  surface  diq>lacements  as  they  traverse  the  probe. 


4  Conclusion 

A  non-contacting  interferometric  sensor  was  developed  which  could  detect  small  ultrasonic  displacemmts  in 
the  presence  of  much  larger  mechanical  vibrations.  The  interfnometer  operated  successfully  in  a  machine 
shop  environment,  detecting  AE  from  both  workpiece  and  tool  holder  during  face  milling.  Results  correlated 
very  well  with  those  from  conventional  contacting  transducers.  The  sensor  is  capable  of  high  resolution 
(50pm  for  a  IMHz  bandwidth)  and  broad  bandwidth  (>lMHs). 
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Abstract 

Recently  there  has  been  interest  in  fiber  optic  hydrophones  for  high  frequency  applications. 
A  fiber  (^tic  hydrq;)hone  with  flat  frequency  response  to  50  kHz  has  been  (^gn^  and  built  at 
NRL  and  denxmstrated  at  die  USRD  ct^braticm  facility. 

Introduction 

In  the  last  three  years  there  has  been  a  rapid  advance  in  the  performance  of  fiber  optic  acous¬ 
tic  transducers.  In  1990  a  number  of  important  field  demonstrations  took  place:  two  fiber  optic 
hydrophone  systems  were  demonstrated  in  the  Arctic  with  30  dB  below  sea  state  zero  threshold 
detection^’l,  ^  optic  hytb-ophone  system  was  successfully  tested  on  the  USS  Memphis  (SSN 
691)^^^  and  a  48-channel  towed  array  system  was  also  demonstrated  at  sea^l  The  advances  in 
p^ormance  have  been  driven  by  improvements  both  in  transducer  design^^^  and  the  opto-elec- 
tronics  interrogating  the  transducer,  general  tli^se  demonstrations  have  concentrated  on  lower 
frequency  ranges  (telow  10  kHz),  however  there  is  considerable  interest  in  using  fiber  optic  sen¬ 
sor  technology  for  higher  frequency  applications.  One  significant  factor  in  the  design  of  a  num¬ 
ber  of  recent  sensor  systems  has  been  the  development  of  the  long  coherence  length  diode 
pumped  NdrYAG  laser,  which  has  not  only  allowed  greater  design  flexibUi^r,  but  has  also  re¬ 
duced  transducer  complexity.  This  source  has  the  add^  advantage  that  its  fir^uency  noise  falls 
off  as  1/f  (compared  to  the  slower  fall  off  of  the  semiconductor  laser)  which  makes  it  ideal  for 
higher  frequency  operation^^.  In  this  work  we  use  these  advantages  of  the  Nd:YAG  source  to 
demonstrate  a  fiber  optic  hydrophone  suitable  for  high  frequency  applications. 

Experimental  Setup 

The  hydrophone  consisted  of  an  air-backed  mandrel^^  1.25  cm  in  outside  diameter  with  40 
meters  of  opti^  fiber  configured  as  a  large  path  imbalance  Michelson  interferometer.  A  dia¬ 
gram  of  the  hydrophone  construction  is  shown  in  Figure  1.  An  air-backed  mandrel  was  con¬ 
structed  of  two  pieces  of  brass  tubing  and  the  40  m  of  optical  fiber  was  wrapped  on  it  The  fiber 
was  Coming  Payout  fiber  and  was  80  pm  in  diameter  with  a  25  pm  acrylate  coating.  The  optical 
fiber  coupler  and  the  two  mirrors  were  spliced  to  the  fiber  wound  on  the  mandrel  and  then  placed 
into  the  inside  of  the  inner  tube.  Thick  jacketed  fiber  (9  mm  diameter)  was  fused  m  the 
input/output  leads  of  the  interferometer.  The  splices  and  the  components  were  potted  in  place 
with  a  curable  epoxy.  The  whole  assembly  was  then  dip  coated  in  polyurethane  to  protect  the 
device  during  subsequent  handling. 

The  interrogation  approach  chosen  for  this  hydrophone  was  a  simple  free  nmning  homodyne 
approach,  the  (^ta  being  collected  while  the  interferometer  was  in  quadrature.  This  technique, 
which  allows  the  measurement  of  the  hydrophone  sensitivity  without  requiring  a  demodulator, 
has  a  bandwidth  determined  by  the  frequency  response  of  the  photodetectors.  The  optical  source 
was  a  NdrYAG  ring  laser  and  the  photodetectors  had  a  frequency  response  of  more  than 


1 .  University  Research  Foundation,  641 1  Ivy  Lane,  Suite  1 10,  Greenbelt,  MD  20770. 
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200  kHz.  A  diagram  of  the  experimental  setup  is  shown  in  Figure  2.  The  hydrophone  was  then 
mounted  in  the  free  field  sensitivity  measurement  test  area  at  the  Naval  Research  Laboratory 
Underwater  Sound  Reference  Detachment  (NRL  USRD)  and  insonified  by  a  high  frequency 
acoustic  projector.  The  output  of  the  fiber  optic  hydrophone  was  compared  with  a  convention^ 
reference  hydrophone  to  determine  its  sensitivity  and  fi^uency  response. 

Results 

The  low  frequency  sensitivity  of  this  fiber  optic  hydrophone  was  measured  to  be  -142  dB 
re  rad/pPa,  this  response  continues  down  in  frequency  to  hydrostatic  pressures.  This  sensitivity 
corres^n^  to  a  normalized  sensitivity  d^/0dP  of  -317  dB  re  l/|iPa,  consequently  the  hydro¬ 
phone  should  operate  to  depths  of  over  1000  m.  The  frequency  response  was  flat  to  ~50  kHz,  a 
plot  of  the  response  is  shown  in  Figure  3,  the  acoustic  excitation  was  broadside  to  the  device.  As 
can  be  seen  in  the  Figure,  there  are  no  resonant  peaks  observed  in  the  response  of  this  hydro¬ 
phone.  This  contrasts  with  the  behavior  of  a  num^r  of  designs  of  fiber  optic  hydrophones  using 
plastic  or  air-backed  plastic  to  form  the  compliant  structure.  Typically  these  devices  have  reso¬ 
nances  between  2  and  15  kHz  depending  upon  the  specifics  of  the  design. 

The  high  frequency  roll  off  of  this  device  appears  to  be  related  simply  to  the  diameter  of  the 
hydrophone.  As  Ae  wavelength  of  the  acoustic  signal  becomes  smaller  than  twice  the  diameter 
of  the  hydrophone  the  hydrophone  acts  to  cancel  the  acoustic  wave.  This  phenomenon  repeats  as 
successive  multiples  of  the  acoustic  half  wavelength  match  the  diameter  of  the  hydrophone.  A 
plot  of  the  expected  hydrophone  frequency  response  with  the  hydrophone  diameter  as  a  parame¬ 
ter  is  shown  in  Figure  4.  Curves  are  plotted  for  hydrophone  diameters  of  1.27  cm,  0.95  cm  and 
0.64  cm.  The  curves  of  the  two  smaller  diameter  hydrophone  responses  have  been  truncated  for 
clarity.  The  response  of  smaller  diameter  hydrophones  will  be  reported  at  the  conference. 

It  should  be  noted  that  as  the  active  length  of  these  hydrophones  was  10  cm  this  design  of 
hydrophone  would  only  be  omnidirectiontd  to  10  kHz.  However,  the  active  length  of  the  hydro¬ 
phone  can  simply  be  shortened;  although,  as  the  length  of  fiber  would  be  reduced  so  would  the 
hydrophone  sensitivity  be  proportionally  i^uced. 

The  threshold  detection  of  the  hydrophone  was  limited  by  the  laser  frequency  induced  phase 
noise.  The  noise  performance  of  a  free  running  Nd:YAG  ring  laser  source  is  shown  in  Figure  5. 
At  10  kHz  this  laser  has  a  minimum  detectable  phase  shift  of  2  prad.  This  would  give  a  mini¬ 
mum  detectable  pressure  for  the  high  frequency  hydrophone  of  28  dB  re  pPa/>/Hz  at  10  kHz. 
The  flattening  of  the  threshold  detection  above  10  kHz  is  due  to  the  frequency  independent  de¬ 
modulator  noise.  The  low  frequency  noise  performance  of  these  laser  sources  has  been  im¬ 
proved  by  a  variety  of  feedback  or  common  mode  techniques[’^  thus  threshold  detections  of  ~  30 
dB  re  pPaMiz  should  be  possible  over  the  frequency  band  shown. 

Conclusions 

A  hydrophone  with  a  flat  frequency  response  to  50  kHz  has  been  built  and  tested.  The  high 
frequency  hydrophone  roll-off  appears  to  be  solely  related  to  the  diameter  of  the  mandrel,  no  res¬ 
onances  of  the  structure  are  observed.  Smaller  mandrel  designs  should  push  this  roll-off  to 
above  100  kHz. 
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352 


FI  ,5 


Experimental  Performance  Of  A  Miniature  Fabry-Perot 
Fiber  Optic  Hydrophone 


Paul  J.  Kuzmenko 

Lawrence  Livennore  National  Laboratory 
L-366,  P.O.  Box  808 
Livermore,  CA  94551 


lNTR<X)UCriON 

The  advantages  of  fiber  opdc  sensors  in  hydrophone  applications  are  well  known. 
They  offer  excellent  sensitivity,  resistance  to  electromagnetic  interference,  and  all  active 
electronics  are  kept  out  of  the  water.  One  aspect  where  they  are  not  clearly  sup^or  to 
conventional  piezoelectric  transducers  is  their  size.  For  some  applications  size  is  critical  and 
existing  designs  are  too  large. 

Some  Japanese  work  described  an  acoustic  sensor  based  on  a  Fabry-Perot 
interferometer  [1,2].  Ohba  and  Uehira  constructed  an  interferometer  on  the  end  of  an 
optical  fiber  using  the  fiber  tip  as  one  mirror  and  a  sound  receiving  diaphragm  as  the 
second  minor.  The  potential  for  making  a  very  tiny  sensor  is  clear.  It  seemed  interesting  to 
try  to  build  a  hydrophone  based  on  this  principle.  This  paper  will  describe  the  construction 
and  testing  of  such  a  device. 

SENSOR  DESIGN  AND  OPERATING  PRINCIPLES 

A  functional  sketch  of  the  hydrophone  is  shown  in  Figure  1.  The  Fabry-Perot 
interferometer  is  formed  between  the  cleaved  end  of  the  single  mode  optical  fiber  and  the 
thin  plastic  membrane.  A  small  vent  hole  is  cut  near  the  edge  of  the  membrane  to  equalize 
static  pressures.  The  air  bladder,  a  rubber  balloon  over  the  front  of  the  sensor,  keeps  water 
away  from  the  interferometer  while  freely  transmitting  pressure  fluctuations  from  the  water 
to  the  air.  Pressure  variations  in  the  air  bladder  cause  the  membrane  to  deflect,  modulating 
the  reflectivity  of  the  interferometer.  As  depth  increases,  the  balloon  will  slowly  collapse  on 
itself,  keeping  the  internal  and  external  pressures  balanced. 

The  balloon  can  be  modeled  as  a  spherical  bubble  [3].  External  acoustic  waves 
incident  on  the  air  volume  induce  internal  prossure  variations.  Theory  tells  us  that  at  low 
frequencies  the  internal  and  external  pressures  have  equal  amplitudes,  but  at  higher 
frequencies  there  is  a  sharp  resonance  around  which  the  internal  pressures  are  amplifled. 

Above  the  resonance  the  internal  pressure  variations  (teciease  as  l/f^.  Fot  a  1  cm^  bubble  at 
a  depth  of  20  feet,  the  resonance  occurs  at  about  670  Hz.  Reducing  the  bubble  size  or 
increasing  the  depth  increases  the  resonant  frequency. 

Although  the  balloon  transmits  low  frequencies  well,  the  sensitivity  rolls  off  due  the 
the  pressure  equalizing  vent  in  the  membrane.  The  rolloff  frequency  can  be  controlled  by 
changing  the  ^ameter  of  the  vent  hole  or  the  volume  of  the  cavity  behind  the  membrane. 
Since  the  compressibility  of  the  air  in  this  back  cavity  provides  the  restoring  force  for  the 
membrane  (the  membrane  tension  is  very  low),  adjusting  the  volume  will  alter  the 
sensitivity  of  the  hydrophone.  One  drawback  of  this  situation  is  that  the  sensitivity  of  the 
hydrophone  does  vary  with  pressure.  However,  the  overall  sensitivity  is  very  good  and  can 
be  designed  to  meet  desired  values  by  controlling  the  back  cavity  volume. 

A  diagram  of  the  controller  box  is  shown  in  Figure  2.  Light  from  the  pigtailed  laser 
diode  (Seastar  model  PT-450)  enters  the  fused  optical  coupler.  Some  is  split  off  to  a 
reference  detector  which  monitors  the  power  level  injected  into  the  fiber  and  the  rest  travels 
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to  the  sensor.  Acoustic  pressures  in  the  water  vary  the  mirror  spacing  in  the  Fabry-Perot 
interferometer,  modulating  the  reflected  power.  On  reentering  the  coupler  a  significant 
fraction  of  the  return  power  is  directed  to  the  signal  photodiode  where  it  is  detected, 
amplified  and  sent  to  the  output  of  the  box.  In  order  to  achieve  the  greatest  sensitivity,  the 
laser  is  mounted  on  a  thermoelectric  heater/cooler.  This  allows  the  operator  to  manually 
tune  the  wavelength  of  the  laser  to  the  best  operating  point  by  controlling  the  laser 
temperature. 


EXPERIMENTAL  DETAILS  AND  RESIJT.TS 

To  permit  easier  handling  and  fixturing,  the  interferometer  was  fastened  with 
silicone  inside  a  brass  rod  0.5  inch  in  diameter  and  1.5  inches  long.  The  balloon  is  then 
pulled  over  the  front  and  epoxied  in  place.  The  volume  of  the  balloon  is  about  1  cm^  while 
the  brass  rod  is  about  5  cm3  making  a  total  sensor  volume  of  6  cm3.  However,  it  could  be 
easily  reduced  to  >2  cm3. 

We  were  invited  to  characterize  the  hydrophone  in  the  TRANSDEC  facility  at  the 
Naval  Ocean  Systems  Center  (NOSC)  in  San  Diego.  TRANSDEC,  as  shown  in  figure  3,  is 
a  large  ellipsoidal  pool  instrumented  for  acoustic  measurements.  The  hydrophone  was 
lowered  to  a  depth  of  6  meters  and  positioned  0.5  meters  from  an  NRL/USRD  model  Ill 
sound  projector.  Adjacent  to  the  fiber  hydrophone  was  a  model  H52  reference  hydrophone. 
The  projector  was  excited  at  discrete  frequencies  and  the  output  of  the  fiber  optic 
hydrophone  was  averaged  and  measured  with  an  electronic  spectrum  analyzer.  One  month 
later  at  LLNL  the  same  hydrophone  was  characterized  in  an  NRL/USRD  model  G19 
calibrator  at  atmospheric  pressure.  Both  sets  of  data  are  plotted  in  figure  4.  The  bubble 
resonance  and  the  low  frequency  rolloff  are  readily  apparent,  as  are  the  shifts  in  sensitivity 
and  resonance  due  to  the  change  in  pressure. 

We  wanted  to  measure  the  the  self  noise  of  the  fiber  optic  hydrophone,  but  the 
TRANSDEC  pool  was  not  quiet  enough.  Both  the  reference  hydrophone  and  the  fiber  optic 
hydrophone  measured  the  same  background  level  of  +49  dB  re  1  |lPa  at  1  kHz  and  +73  dB 
at  100  Hz. 

Because  of  the  sinusoidal  nature  of  the  interferometer,  one  would  expect  the 
hydrophone  to  saturate  at  a  sufficiently  high  acoustic  excitation.  To  verify  this  the  electrical 
output  of  the  controller  was  monitored  on  an  oscilloscope  while  the  sound  level  at  200  Hz 
was  slowly  increased.  Clipping  occured  at  about  +120  dB  SPL,  and  at  a  voltage  level 
below  the  electrical  saturaticxi  level  of  the  output  amplifier. 

SUMMARY  AND  CONCLUSIONS 

A  new  type  of  fiber  optic  hydrophone  based  on  a  Fabry-Perot  interferometer  has 
been  demonstrated.  Its  volume  of  several  cubic  centimeters  is  much  smaller  than  that  of 
other  reported  sensors.  The  sensitivity  of  -122  dB  re  1  Volt/^Pa  also  compares  very 
favorably  with  existing  devices.  One  drawback  of  this  air-filled  unit  is  that  the  sensitivity 
varies  inversely  with  depth.  However,  the  sea  level  sensitivity  can  be  increased  to 
compensate  by  enlarging  the  back  cavity  volume.  More  work  needs  to  be  done  on  the 
possibility  of  a  fluid  filled  sensor  whose  sensitivity  would  be  depth  invarient. 
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Figure  1  Internal  details  of  hydrophone 


Figure  2  Details  of  hydrophone  controller  box 
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Underwater  Experiments 
at  TRANSOEC/NOSC 

(Conducted  on  January  29, 1991) 


Figure  3  Experimental  setup  at  Naval  Ocean  Systems  Center 


Figure  4  Sensitivity  of  LLNL  Fiber  Optic  Hydrophone  #1 
Data  from  TRANSDEC  pool  (1/29/91)  and  from  G19 
calibrator  at  LLNL  (2/14/91) 
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I.  Introduction 

Optical  self-mixing  effects  or  backscatteied 
intensity  modulation  in  different  lasers  have  been 
considerably  exploited  for  various  applications, 
such  as  Laser  Doppler  Velocimetry(LDV)[l-4], 
coherent  ranging[5-6]  and  acoustic  sensing[7].  The 
modulation  mechanism  inside  a  laser  cavity  caused 
by  external  optical  feedback,  however,  is  not  well 
understood,  which  confines  its  applications  to 
limited  areas.  A  theory  of  the  external  optical 
feedback  in  a  single-mode  semiconductor  laser  has 
been  developed  and  proposed  by  the  authors, 
indicating  that  the  intensity  modulation  by  the 
external  feedback  results  from  the  spectral  line  width 
variation  of  the  laser  used,  which  is  due  to  a  "phase 
interference"  between  the  light  from  an  external 
reflector  and  the  light  from  one  of  the  laser  miiror 
facets.  This  study  explains  the  various  phenomena 
observed  in  our  experiments. 

In  this  work,  a  self-mixing  interferometer 
incorporating  a  diode  laser  is  proposed  based  on  the 
effect  of  "self-mixing  interference",  where  a  portion 
of  emitted  light  from  the  laser  is  reflected  back  into 
the  laser  cavity  from  a  reflecting  surface,  and  the 
resulting  intensity  modulation  may  be  extracted  to 
determine  the  parameter  to  be  measured  which  is 
causing  the  phase  change  in  the  interferometer.  A 
simple  arrangement  with  different  length 
multi-mode  optical  fibres  is  used  for  coherent 
ranging  and  vibration  measurement.  The 
experiments  performed  have  demonstrated  that 
self-mixing  coherent  ranging  is  not  dependent  on  the 


coherence  length  of  the  laser  used,  which  provides 
the  possibility  of  using  coherent  detection  methods 
for  range  finding  for  much  longer  distances.  In 
addition,  for  small  vibrational  measurements,  the 
self-mixing  interference  method  shows  that  the 
directional  information  of  the  vibration  can  be 
discriminated  from  the  asymmetric  nature  of  the 
resulting  intensity  output  signal. 

II.  Self-mixing  Interferometer 

The  experiments  reported  were  carried  out  with  a 
780  nm  VSIS-type  AlGaAs  diode  laser(Sharp 
LT022MC)  and  different  lengths  of  multi-mode 
optical  fibres,  all  with  a  core  diameter  of  50  pm,  as 
shown  in  Figure  1.  The  light  from  the  laser  was 
colhmated  by  a  lens,  Li ,  and  then  focused  by  another 
lens,  L2,  into  a  multi-mode  fibre.  This  light  travelled 
through  the  fibre  and  was  reflected  by  an  external 
mirrorM.  The  reflected  light  was  guided  by  the  same 
fibre  and  re-entered  the  laser  cavity,  where  the  light 
from  the  laser  front  facet  and  from  the  target  mirror, 
M,  was  mixed  coherently  inside  the  cavity,  and  the 
resultant  laser  intensity  modulation  was  detected  by 
a  photodetector  accommodated  at  the  rear  facet 
inside  laser  package.  When  the  mirror  M  was 
vibrated  periodically,  an  intensity  modulation  was 
observed  from  the  laser  photodiode,PD,  which  is 
very  similar  to  conventional  optical  interference  and 
termed  "self-mixing  interference".  The  light 
inside  the  laser  cavity  and  the  light  from  the  mirror 
M  constitutes  two  interfenng  beams  of  the 
self-mixing  interferometer  with  self-aligning  and 
self-detecting  features  and  only  one  optical  axis. 
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Fig.  1  Experimental  arrangement 
for  self-mixing  interferometer 


A  typical  self-mixing  interference  signal  is  shown 
in  Figure  2(upper  trace)  with  a  comparison  to  that  of 
a  Michelson  inteiferometer(lower  trace).  The 
interference  shows  a  2k  periodicity,  with  respect  to 
the  phase  change  at  the  external  mirror  M,  which  is 
equal  to  a  half  of  the  wavelength  of  the  laser. 
However,  the  upper  signal  shows  two  significant 
differences  with  that  of  the  Michelson 
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Fig. 2  Self-mixing  interference( upper  trace)  with 
comparison  to  conventional  interference(lower  trace). 
Time  axis-0.2  ms/Div,  Intensity-arb.  units 


shows  a  major  advantage  over  conventional 
interferometric  methods[8].  In  experiments  with 
different  length  optical  fibres  it  was  found  that  the 
interference  pattern  is  not  dependent  on  the 
coherence  length  of  the  laser  used.  These  differences 
present  some  interesting  features  which  could  be 
utilised  in  various  applications  as  discussed. 

III.  Self>mixing  coherent  ranging 

The  intensity  modulation  in  self-mixing 
interference,  with  weak  external  optical  feedback, 
may  be  expressed  approximately  as: 

l=Io[I+m(^,X)cos(2K-^^  aL  (i) 

where  is  defined  as  the  modulation 

coefficient  which  is  determined  by  the  linewidth 
factor  X  of  the  source  laser  and  the  feedback  factor 
^(the  ratio  of  the  external  amplitude  reflectivity  to 
the  laser  facet  reflectivity).  Xo  is  the  central 
wavelength  of  the  laser,  AL  is  the  optical  path 
difference(OPD)  between  the  laser  and  the  target, 
and  (1)0  an  initial  phase  condition.  When  a  direct 
current  modulation  is  applied  to  the  diode  laser,  the 
resultant  intensity  modulation  will  include  an  FM 
modulation  and  an  AM  modulation[9].  If  the 
amplitude  and  the  frequency  of  the  current 
modulation  are  very  small,  a  beat  frequency  Fb, 
produced  by  the  coherent  mixing,  can  be  easily 
observed  and  is  given  by: 

F^=(2^xJ)(dJldt)D  (2) 

where  p  is  the  wavelength  modulation  coefficient 
(nm/m  A),  dJIdt  is  the  rate  of  the  current  change  with 
time,  and  D  is  the  target  distance  from  the  laser.  If 
dJ/dt  remains  a  constant,  a  fixed  beat  frequency  Ft 
can  be  detected  from  the  laser  intensity  modulation, 
and  the  distance  D,  then,  can  be  calculated  directly 
from  Equarion(2). 


interferometer.  First,  it  is  sawtoothlike  but  not 
sinusoidal,  and  secondly  it  is  asymmetric  relative  to 
the  external  vibrational  direction,  from  which  it  is 
important  to  note  that  the  inclination  of  the  signal  is 
dependent  on  the  direction  of  the  "target" 
movement,  and  when  the  target  changes  its 
movement  duection,  the  signal  changes  its 
inclination.  It  is  from  such  an  asymmetiy  that  the 
vibrational  direction  can  be  discriminated,  which 


In  the  work  herein,  the  laser  was  dc-biased,  with  an 
output  power  of  3  mW,  and  current-modulated  by  a 
triangular  wave  at  500  Hz  with  a  peak-to-peak 
modulation  cuirent  of  0.1  mA.  The  small  cunent 
modulation  provides  two  advantages,  which  are:  ( 1 ) 
the  feedback  from  the  near  end  of  the  fibre  is 
insufficient  to  produce  a  significant  beat  frequency 
due  to  the  short  OPD;  and(2)  the  mode  hopping 
produced  by  a  large  current  modulation  can  be 
avoided.  By  substituting  the  expenmental  data 
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above,  the  required  target  distance  may  be  expressed 
as: 

D=0.69Ft,  (3) 

where  P  is  given  to  be  5.6x10  nm/mA,  and  Xo  is 
780  nm. 

The  intensity  modulation  of  the  laser  was  ac-coupled 
via  an  amplifier  A(Figure  1)  to  an  oscilloscope  for 
waveform  analysis  and  to  a  spectium  analyser  for 
frequency  measurement.  Figure  3  shows  the 
observed  waveform  in  the  experiment  performed 
with  a  long  multi-mode  fibre  of  3.48  m,  where  the 
upper  trace  was  produced  due  to  reflection  from  the 
far  end  of  fibre  without  the  mirror  M,  whilst  the 
lower  waveform  was  produced  incorporating  the 
reflection  from  the  mirror  M.  It  is  clear  that  the  two 
signals  have  the  same  beat  frequency  but  different 
amplitudes  of  this  higher  frequency,  which  is  due  to 
the  different  reflectivities  of  the  fibre  end  and  the 
mirror.  In  the  experiments  carried  out,  three 


jjvs/vs/vs^ 


M  M  M  M  M  M  I 

Fig.3  Waveform  observed  with  3.48  m  multi-mode 
fibre,  (a)  reflection  from  fibre  end(upper  trace) 
(b)  reflection  from  an  external  mirror(lower  trace) 
Time  axis- 1 .0  ms/Div,  Intensity-arb.  units 


different  length  multi-mode  optical  fibres  were 
used.  Table  I  gives  the  measured  fibre  length,  Lo, 
the  calculated  distance.  Do,  using  Equation(3),  and 
the  corresponding  beat  frequency,  Fb-  It  is  evident 
that  the  measured  results  aie  in  good  agreement  with 
the  theoretical  calculations. 

IV.  Vibrational  Measurement 

To  measure  the  nature  of  the  vibration  of  an  object 
under  consideration,  two  factors  must  be 
determined,  these  being  the  amplitude  and  the 


Table  1 


Fb(kHz)l 

2.0 

1  5.0 

15.0 

U(m) 

1  1.51 

1  3.48 

10.10 

Do(m) 

j  1.38 

j  3.45 

10.35 

frequency  of  such  a  vibration.  The  amplitude  can  be 
deteiTOined  by  counting  the  fringe  number  of  the 
interference  in  one  direction.  A  linear  relationship 
between  the  fnnge  number,  N,  and  the  vibrating 
amphtude.  A,  was  obtained,  as  depicted  in  Figure  4. 
Thus  the  amplitude  may  be  expressed  as: 

A=NXo  (4) 

where  ^o  is  the  central  wavelength  of  the  laser  used. 


Fig.4  Fringe  number  dependence  on 
vibration  amplitude 


Figure  5  shows  the  self-mixing  interference  for  the 
vibration  measurement,  from  which  it  can  be  seen 


Fig. 5  Self-mixing  mterference(upper  trace)  dependence 
on  amplitude  and  frequency  of  vibration(lower  trace) 
Time  axis-0. 1  ms/Div.  intensity-arb.  units 
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that  the  interference  signal  changes  its  inclination  as 
the  target  changes  its  direction,  which  implies  that 
the  period  can  be  determined  by  measuring  the  time 
of  one  directional  change  of  the  target.  If  the 
vibration  is  symmetrical,  the  vibration  frequency 
may  be  given  by: 

f=l/2T  (5) 

where  x  is  the  time  for  one  direction  change. 


of  10  m,  with  the  use  of  suitable  circuitry.  This 
represents  a  considerable  improvement,  using  a 
cheap  and  readily  available  laser  source. 

For  a  vibration  measurement,  the  self-mixing 
method  combines  simplicity  of  operation  with  the 
ability  discriminating  the  vibration  direction,  as 
demonstrated. 


V.  Discussion 

In  the  present  study,  a  "self-mixing  interferometer" 
incorporating  a  semiconductor  laser  is  described  and 
preliminary  experimental  results  presented,  which 
show  some  significant  comparative  advantages  over 
the  use  of  a  conventional  interferometer. 

For  coherent  ranging,  the  laser  diode  used  displayed 
a  multi-mode  nature  with  a  low  output  power,  the 
coherence  characteristics  of  which  were  measured 
using  a  two  beam  Michelson  interferometer  at  an 
output  of  3  mW,  as  shown  in  Figure  6.  In  summary 
these  features  are:  (1)  the  full  width  at  half 


Fig.6  Visibility  function  of  laser  used 
for  ranging  experiments  obtained  from  a 
two  beam  Michelson  interferometer 


maximum(FWHM)  of  each  coherent  region  was 
0. 1 1  mm;  (2)  the  separation  between  the  adjacent 
coherent  regions  was  1.05  mm;  (3)  the  FWHM  of 
the  envelope  of  all  the  coherent  regions  was  3.07  mm 
and  the  inteiference  was  not  detectable  when  the 
OPD  was  greater  than  1 1.65  mm.  These  data  show 
that  this  type  of  laser  cannot  be  used  in  a 
conventional  coherent  ranging  system  where  the 
distance  to  be  measured  is  greater  than  1 1.65  mm. 
However,  in  a  self-mixing  ranging  scheme,  the 
measurable  distance  could  reach  as  far  as  a  distance 
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ABSTRACT 

A  compact  pressure  smsor  head  with  fiber  optic  temperature  cmnpensation  has  been  built  and 
tested  \«duch  uses  specific  side-hole  and  "bow-tie**  fibers  respectively  devoted  to  jnessure  and 
temperature  measurements.  The  addressing  scheme  is  based  on  the  broad  band  intcrferomctiy 
technique.  We  describe  the  sensor  arrangement  and  present  tiie  reqxmse  corves  for  pressure 
and  temperature  in  the  ranges  0.1  to  1  hffa  and  0  to  40  ‘‘C. 


SUMMARY 

Introdactitm 

The  sensor  concept  is  based  on  the  mterfero-polarimetric  concept  and  uses  foe  fundamental 
properties  of  tiie  low  coherence  addressing  a^  reading  technique.  In  such  a  method,  both 
eigen  modes  of  a  bireficingent  fiber  are  excited  and  foe  resulting  differential  propagatitm 
induces  a  phase  delay.  The  value  of  the  jfoase  delay  is  rdated  to  foe  variation  of  tiie 
measurand  and  can  be  measured  by  using  an  interferometric  device.  This  method  has  been 
studied  for  several  years  and  various  authors  have  proposed  sensors  and  multiplexed  sensor 
networks  (1,4). 

For  tempaature  measurements,  the  now  well  known  high  birefiingent  fibers  are  suitable 
devices  because  the  imemal  stress  (which  causes  tiie  birefringence)  of  such  fibers  is  directly 
related  to  the  temperature  gradiant  during  the  drawing  of  tte  fiber.  Generally  **bow-tie"  and 
"panda"  fibers  are  used  in  such  a  way,  providing  a  temperature  sensitivity  reaching  a  typical 
value  of  about  6  rad/°C.m.  Because  of  tiie  silica  elasticity  properties  type  of  intrinsic 
sensor  has  a  potentially  good  enough  relisfoility  in  a  restricted  operating  range  due  to  the 
presence  of  a  polymer  coating.  The  typical  practical  range  is  limited  to  40**C  ixfoen  classical 
epoxy-acrylate  coatings  are  used.  Extended  ranges  are  investigated  wifo  other  coatir^ 
(^lyimide  for  example). 

In  comparison  to  that  tonperature  sensitivity,  the  hydrostatic  pressure  soisitivity  of  such  fibers 
is  not  very  attractive  and  limited  to  a  typi(^  value  of  about  10  rad/MPa.m.  In  order  to  midce 
an  intrinsic  fiber  optic  pressure  sensor  foe  concept  of  side-hole  fiber  has  been  proposed  and 
some  preliminary  results  have  been  published  (5,6).  In  such  a  fiber,  two  holes  are  present  cm 
each  side  of  the  core  of  the  fiber,  and  consequently  an  external  isotropic  jvessure  is 
transformed  into  an  anisotropic  stress  in  tiie  core  region.  By  this  way  intinsic  optical  fiber 
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pressure  sensors  having  a  pressure  sensitivity  in  the  range  of  30  to  120  rad/MPa.m  have  been 
obtained,  depending  on  the  fiber-diameter  to  hole-size  ratio. 

Unfortunately  the  temperature  dependance  of  such  a  pressure  sensor  is  non-zero  and  the  typical 
sensitivity  is  in  the  range  of  1  to  3  rad/®C.m.  Obviously  this  temperature  dependance  has  to 
be  considered  as  a  spurious  effect  and  a  practical  solution  for  a  temperature  compensation  (or 
control)  is  required  for  any  operational  sensor. 

Taking  into  account  this  fact,  we  have  developed  a  splicing  technique  to  allow  the  fabrication 
of  a  sensor  arrangement  based  on  the  association  of  both  types  of  fibers,  spliced  together,  in 
such  a  way  that  pressure  and  temperature  can  be  simultaneoudy  measured. 

Addressing  scheme  and  sensor  arrangement 

The  addressing  scheme  takes  advantage  of  die  properties  of  a  low  coherence  light  source 
providing  interference  fringe  patterns  which  act  as  sensor  signatures  after  the  phase  delays 
induced  by  each  sensing  pan  of  the  sensor  are  compensated  by  a  remote  interferometer.  If 
coherence  laws  are  respected,  the  relevant  signatures  are  uncorrelated  and  the  variations  of  the 
mesurands  (i.e.pressure  and  temperature)  can  be  deduced  without  any  ambiguity. 

The  sensor  is  composed  of  a  lengdi  of  side-hole  fiber  "FASE;  Fibre  A  Structure  Evid6e" 
mainly  devoted  to  die  pressure  measurement,  spliced  with  a  second  lengdi  of  High  birefringent 
(HiBi)  fiber  devoted  to  the  temperature  control.  At  each  end  of  these  sensitive  parts  up  and 
down  leads  are  added  in  order  to  get  a  fully  remote  sensor.  Figure  n°l  shows  the  schematic 
arrangement. 

The  splices  between  fibers  of  different  types  have  been  made  by  using  a  fusion  splice  machine 
and  the  relative  orientation  of  die  fiber  axis  has  been  controled  in  order  to  get  coupling  points 
of  several  per  cent  in  energy  between  the  two  eigen  modes. 

A  specific  housing  has  been  designed  in  order  to  get  a  sensor  brassboard  compatible  with 
aeronautic  requirements  in  tenns  of  size,  weight,  standard  pressure  inlet..  This  housing  is 
comprising  two  pressure-tight  oudets  for  up  and  down  leads  which  will  be  replaced  by  tight 
connectors  in  a  future  design. 

The  strandard  pressure  inlet  allows  to  connect  the  sensor  head  to  a  pressure  generator  for 
experiments  arid  calibration.  In  order  to  p^orm  eiqierimental  investigations  a  classical 
temperature  probe  has  been  added  into  die  sensor  head. 

Experiment  and  results 

Figure  n**!  shows  the  experimental  set  iqi.  Tlw  light  emitted  by  an  SLD  is  polarized  and 
launched  in  one  of  the  eigen  modes  of  ^  up  lead  HiBi  fiber.  A  first  fused  splice  acts  a 
coupling  point  to  split  the  light  in  the  two  polarization  modes  of  the  side-hole  fiber  yielding 
the  polarimetric  operation  of  the  pressure  sensor.  A  second  splice  is  made  between  die  side- 
hole  fiber  and  the  Hi  Bi  temperature  sensor  and  a  diird  splice  cormects  the  sensor  to  the  down 
lead.  The  typical  length  of  optical  fibers  are  as  follows: 

Up  and  down  leads:  5  meters 

Side-hole  fiber  (pressure  sensor):  10  meters 

HiBi  fiber  (temperature  sensor):  2  meters 

The  coil  diameter  is  40  mm  and  the  sensor  housing  is  typically  SO  mm  *  30  mm  (Figure  n*’3). 

For  decoding  and  reading,  the  down  lead  is  connected  to  a  Michelson  interferometer  used  for 
the  optical  path  delay  (i.e.phase  delay)  compensation. 

A  pressure  generator  and  an  oven  are  used  for  pressure  and  tonperature  calibrations. 
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Measurements  have  been  performed  in  order  to  verify  the  pressure  sensitivity  dependance 
with  respect  to  temperature  variation. 

The  specific  side-hole  fiber  has  a  measured  pressure  sensitivity  of  about  Sp=  -  34  rad/MPa.m. 
The  intrinsic  birefringence  value,  e;q>ressed  in  terms  of  beat  length,  at  room  temperature  and 
atmospheric  pressure  is  about  10  mm. 

Figure  n°4  shows  the  experimental  recorded  path  delay  versus  the  hydrostatic  pressure  ^>plied 
onto  the  sensor  coU.  For  comparison  the  pressure  sensitivity  of  the  HiBi  fiber  (temperature 
sensor)  is  also  recorded  and  equal  to  11  riuVMPa.m. 

The  pressure  sensitivity  has  be^  studied  for  different  temperatures  in  the  range  0  to  40  X. 
The  more  significant  curves  reported  in  figures  n'^S  and  6  show  the  good  linearity  of  the 
pressure  response  of  the  saisor  for  three  temperatures  (O^C,  21*’C  and  40  ‘’C),  for  each 
temperature  the  slopes  of  die  curves  keep  a  constant  value  providing  a  simple  calibration 
mean.  The  measured  temperature  sensitivities  for  side-hole  and  HiBi  fibers  are  respectively  - 
0.51  rad/®Cjn  and  -4.9  rad  /®C.m. 

Because  of  the  constant  pressure-tempersuure  cross  sensitivity  of  both  fibers,  the  rei^nse  of 
the  sensor  is  obtained  by  solving  a  set  of  two  equations: 

s  -0.51  T  -  3.4  P 
O,  =  -4.90  T  +  1.1  P 

Where  O  ,  and  Oj  are  the  phase  ddays  induces  by  the  side-hole  and  die  HiBi  fiber,  and  T  and 
P  are  the  temperature  and  the  pressure  mqiressed  in  and  bars. 

A  very  simple  calculation  gives  die  pressure  value  by  elimination  of  T.  Both  pressure  and 
temperature  can  obviou^y  be  detomined. 

CondnsioB 

A  ccnnpact,  temperature  compensated,  polsnimetric  pressure  soisor  has  been  built  and 
preliminary  characterisations  show  the  ctqiability  of  such  a  sensor  to  measure  an  hydrostatic 
pressure  whithout  any  drastic  effect  of  the  temperature  changes  whidi  are  considered  as 
spurious  effects  in  our  application. 

The  preliminary  results  which  are  pres«ited  here  are  only  a  part  of  a  more  conmprehensive 
work  devoted  to  the  realization  of  an  experimental  complete  networit  of  coherence  mult^lexed 
sensors  developed  in  the  frame  of  a  BRlTE/AERONAlJnCS  European  contract  (  NOSCA: 
New  Optical  fiber  Sensor  Concept  for  Aeronautics).  The  consortium  involved  in  this  reseach 
is  composed  of  Thomson-CSF  and  SEXTANT  Avionique  (F),  SMITHS  Industries  (UK), 
INESC  (P)  and  DTH  (DK).  More  detailed  informations  on  the  complete  network  will  be 
discussed  at  die  conferaice. 
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Fig.  1  :  Schematic  sensor  arrangement 


Fig.  3  :  Sensor  housing 


Fig.  2  :  Experimental  set  up 
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Fig.  4  :  Pressure  sensitivity 
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Fig.  5  :  Side  Hole  fiber  pressure 
sensitivity 
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Rg.  6  :  HiBi  fiber  pressure 
sensitivity 
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Smart  Materials  and  Structures......The  Promise 

The  past  five  years  has  seen  the  emergence  of  a  new  field  of  engineering  termed  "Smart  Materials 
and  Structures."  This  multidisciplinary  field  will  lead  to  a  revolution  in  engineering  principles  and 
a  radical  chai^  in  structures  as  diverse  as:  Aircraft  and  Space  Platforms,  Marine  Chicles  and 
Installations,  Ground  'D'ansportation  Systems  and  lerrestrial  Structures. 

The  development  of  structurally  integrated  fiber  optic  sensing  systems  represents  the  first  step  in 
the  evolution  of  Smart  Materiabs  and  Structures.  Sensing  systems  of  this  nature  should  be  capable 
of  undertaking  a  wide  range  of  measurements.  In  the  case  of  advanced  composite  materials  it  is 
possible  that  embedded  fiber  optic  sensors  could:  monitor  the  cure  state  during  fabrication  then 
provide  "in-service"  health  montoring  through  tracking  the  internal  strain  field  and  undertaking 
"real-time"  damage  assessment.  This  field  of  engineering  could  lead  to  improvements  in  safety  and 
economics  and  encourage  greater  use  of  composite  materials  for  primary  structures.  Oven^ign 
might  also  be  avoided  which  could  lead  to  weight  savings,  an  important  factor  in  Aerospace 
applications.  Smart  Adaptive  Structures  would  use  the  information  provided  by  their  buUt-in 
sensing  system  to  modify  their  shape  or  structural  properties.  In  the  21st  Century  this  could  lead  to 
aircaft  with  nonarticulated  wings  that  change  their  shape  in  accordance  with  the  flight  conditions 
and  large  space  structures  that  constantly  adjust  their  shape  and  damp  out  unwanted  vibration. 

Merits  of  Fiber  Optic  Sensors 

Fiber  optic  sensors  should  make  ideal  "nerves"  for  composite  materials  as  they  are:  extremely  small 
and  light  weight,  immune  to  electrical  interference,  capable  of  large  bandwidth,  safe  and  practically 
incapable  of  initiating  fires  or  explosions,  and  compatible  with  composites.  They  can  serve  both  as 
sensors  and  conduits  for  the  sensory  signals  and  could  integrate  into  the  fly-by-light  concept 
currently  under  active  consideration  for  the  next  generation  of  aircraft.  It  is  expected  that  the 
increasing  use  of  optical  fibers  for  communications  will  help  reduce  the  cost  of  this  technology. 

Technical  Issues  and  Critical  Developments 

In  developing  structurally  integrated  fiber  optic  strain  sensing  systems  for  use  with  Smart  Materials 
and  Structures  a  number  of  key  issues  will  have  to  be  addressed.  These  include: 

—localization  and  spatial  resolution, 

—strain  resolution, 

-ab^bite  measurement  and  interrupt  immunity, 

—fast  response  and  strain  rate  limitation, 

-large  measurement  range, 

-structural  integration  (^sensor  architecture, 

—multiplexing  and  multisensor  demodulation, 

—thermal  sensitivity  and  apparent  strain, 

-opticallstructural  interconnections, 

-sensor Ihost  interface  and  signal  interpretation, 

-influence  of  embedded  fiber  optic  sensing  system,  and 
—performance  life  of  sensing  system. 
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This  will  narrow  the  choice  of  fiber  optic  sensing  system  suitable  for  use  with  Smart  Materials  and 
Structures,  especially  when  low  cost  of  fabrication,  installation  and  operation  is  taken  into 
consideration. 

Current  State  of  Sensor  Development 

A  re\  lew  of  the  current  state  of  development  toward  an  ideal  fiber  optic  strain  sensing  system  for 
Smart  Materials  and  Structures  will  be  given.  This  will  include  our  development  of  a  Fabry-Perot 
sensor  with  a  core  localized  internal  mirror,  work  on  its  fast,  high  resolution  demodulation  and 
tests  of  its  functionality  when  embedded  within  composite  materials.  The  intracore  fiber  optic 
Bragg  grating  also  has  considerable  potential  to  serve  as  one  of  the  sensors  of  choice  for  this 
emerging  field.  However,  its  role  has  been  impeded  by  the  lack  of  a  simple,  passive  and  fast 
method  of  determining  the  wavelength  of  its  narrow  backreflected  optical  signal.  We  report  on  the 
development  of  a  wavelength  demodulation  system  that  is  inexpensive  and  easily  implemented  with 
a  minimum  of  equipment.  We  shall  also  discuss  our  development  of  an  optical  strain  rosette  and  its 
use  within  composite  materials  to  evaluate  the  strain  tensor. 

Potential  Sensing  Applications 

The  range  of  potential  applications  possible  will  be  discussed,  including  the  prospects  for:  internal 
strain  mapping,  structural  shape  evaluation,  vibration  identification  and  structural  integrity 
assessment.  The  use  of  optoacoustics  for  cure  state  monitoring  of  thermoset  composites  during 
their  fabrication  wilt  also  be  discussed.  The  economics  of  implementation  would  be  most  favoured 
if  one  type  of  sensor  can  be  used  for  all  of  these  measurements.  We  shall  discuss  the  prospects  of 
this  achievement. 

Future  Sensing  Systems  for  Smart  Materials  and  Structures 

The  nature  of  the  structural  interconnect  problem  hinges  on  whether  the  output  from  the  structure  is 
optical  or  electrical.  Current  thinking  is  predicated  on  optical  signals  flowing  into  and  out  of  the 
structure  via  an  optical  interface.  In  general  this  interface  must  have  minimal  structural 
perturbation,  be  easy  to  fabricate  and  introduce  into  the  production  of  the  structure.  If  multiplexing 
is  not  used  each  sensor  would  have  its  own  output  and  a  ribbon  or  bundle  of  optical  fibers  would 
have  to  egress  from  the  structure.  This  may  be  the  case  even  with  multiplexing  since  most  schemes 
do  not  lend  themselves  to  sufficient  miniaturization  to  be  embedded  or  included  in  the  structural 
interface.  Although,  structural  interconnects  can  be  made  to  a  broad  surface  or  an  edge,  the  former 
tends  to  be  favored  in  many  cases  as  edges  are  often  trimmed  or  used  for  structural  support.  The 
development  of  a  “reliable”  and  “convenient”  structural  interconnect  is  likely  to  represent  one  of  the 
most  critical  steps  in  the  implementation  of  Smart  Structures  for  in  many  of  the  situations  where 
this  technology  could  be  of  significant  benefit  interconnection  will  have  to  be  performed  by 
unskilled  personnel,  possibly  in  hostile  environments,  such  as  an  aircraft  in  a  blizzard  on  a  subzero 
runway. 

The  structural  interconnect  problem  would  be  greatly  simplified  if  a  single  electrical  cable  could  be 
used,  the  interface  would  then  serve  as  both  a  structural  and  electrical/optical  interface.  This  is 
clearly  only  practical  if  a  single  optoelectronic  chip  can  be  developed  that  would  generate  the  light 
signals  us^  to  interrogate  the  array  of  fiber  optic  sensors  integrated  into  the  structure  and  to 
convert  the  subsequent  optical  sensing  signals  back  into  electrical  signals. 

We  shall  show  that  the  development  of  a  Bragg  grating  based  laser  sensor  may  lend  itself  to 
sufficient  miniaturization  to  consider  the  prospect  of  a  structurally  integrated  optical/electrical 
interface.  This  approach  might  eventually  lead  to  an  optoelectronic  chip  that  could  process  many 
fiber  optic  sensors,  yet  be  small  enough  to  be  integrated  within  the  structural  interface  and  thereby 
offer  the  prospect  of  addressing  simultaneously  the:  interconnect,  multisensor  demodulation,  and 
multiplexing  issues. 
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In  recent  years  a  strong  interest  has  developed  in  embedded  fiber 
optic  sensors  for  the  monitoring  of  strain,  temperature,  and  other 
parameters  in  structural  materials  [1].  The  fiber  Fabry-Perot 
interferometer  (FFPI)  using  internal  mirrors  [2-4]  is  a  strong 
candidate  for  this  application  because  it  provides  localized  ("point”) 
sensing  capability  and  high  sensitivity,  and  is  amenable  to 
time-division  multiplexing.  Here,  new  results  on  the  embedding  of 
FFPIs  in  metals  and  composites  are  reported. 

Previously,  metals  in  which  fibers  have  been  successfully 
embedded  have  had  relatively  low  (<  200°C)  melting  temperatures  [5]. 
In  some  early  experiments  in  our  laboratory  on  the  casting  of  metal 
parts  in  aluminum  (melting  temperature  =  660°C) ,  the  fibers  invariably 
broke  at  or  near  the  air-metal  interface  upon  cooling  to  room 
temperature.  Here,  a  simple  solution  to  this  problem  is  described  and 
the  first  results  on  fiber  sensors  embedded  in  aluminum  are  reported. 

Dielectric  mirrors  for  the  FFPIs  are  formed  in  single  mode 
Corning  fiber  by  a  fusion  splicing  technique  described  in  detail 
elsewhere  [3].  To  embed  the  FFPI  sensor,  a  graphite  mold  is  machined 
to  the  desired  shape.  Stainless  steel  tubes  (1.6  mm  OD  /  0.5  mm  ID) 
are  then  positioned  to  extend  about  1  cm  into  the  mold  at  the  bottom 
and  top.  The  buffer  on  the  fiber  containing  the  interferometer  is 
stripped  back  so  that  the  total  length  of  bare  fiber  in  the  direction 
of  its  axis  is  about  3  cm  greater  than  the  dimension  of  the  part.  The 
fiber  is  then  positioned  in  the  mold,  passing  through  both  of  the 
tubes,  with  the  interferometer  located  near  the  center.  A  tensile 
load  of  about  20  grams  is  applied  to  the  fiber.  The  aliminum  is 
heated  in  air  in  a  crucible  with  an  oxygen/acetylene  torch  and  poured 
into  the  mold,  as  in  Fig.  1.  After  the  metal  has  cooled  to  near 
ambient  temperature,  the  mold  is  removed.  Several  samples  of  various 
geometries  containing  embedded  FFPIs  have  been  produced  without 
breaking  the  fiber.  It  is  believed  that  passing  the  fiber  through  a 
tube  to  enter  the  metal  greatly  reduces  the  stress  discontinuity  at 
the  air-metal  interface,  which  otherwise  causes  the  fiber  to  break. 
Data  presented  here  are  for  a  1.0  cm  long  FFPI  embedded  in  a  4  cm  x  4 
cm  X  0.5  cm  aluminum  block. 

The  transmittance  T  and  reflectance  R  of  the  embedded 
interferometers  are  evaluated  using  a  single  mode  1.3  um  DFB  laser 
with  a  Faraday  isolator  in  series  to  suppress  feedback,  as  in  Fig.  2. 
In  initial  measurements  on  the  embedded  sensor  near  room  temperature, 
the  excess  loss  (=  1  -  R  -  T)  was  nearly  independent  of  temperature  at 
10%  (0.45  dB) ,  as  compared  with  8%  (0.36  dB)  prigr  to  embedding.  Upon 
temperature  cycling  from  room  temperature  to  250  C  the  excess  loss  was 
found  to  increase  slightly,  stabilizing  at  13%  (0.60  dB)  after  five 
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such  cycles. 

The  interferometer  round-trip  phase  shift  ^  was  close ^ to  a  linear 
function  of  temperature  over  the  range  2(rC  to  300  C  for  the 
metal-embedded  sensor,  with  d<p/<pdT  =  2.4  x  10/°K.  ^T^is  is  a  factor 
of  2.9  greater  than  the  experimental  value  8.3  x  10"V°K  for  the  same 
sensor  in  air.  The  difference  is  attributed  primarily  to  the  length 
change  in  the  fiber  due  to  the  large  thermal  expansion  coefficient  of 
the  aluminum  (2.5  x  10~V  k,  vs.  5.5x  10  /k  for  fused  silica). 

The  embedded  FFPI  has  also  been  used  to  detect  ultrasonic  waves 
generated  by  a  PZT  transducer  positioned  on  the  surface  of  the 
aluminum  directly  above  the  sensor.  A  response  was  observed  over  the 
frequency  range  from  0.1  to  8.0  MHz.  The  maximum  experimentally 
determined  value  for  the  phase  modulation  index  was  1.45  rad  at  a 
frequency  of  1.85  MHz.  This  indicates  a  much  stronger  response  than 
in  a  previous  experiment  using  a  similar  FFPI  embedded  in  a 
graphite-epoxy  composite,  where  the  largest  observed  phase  modulation 
index  was  0 . 5  rad  [ 6 ] . 

In  another  experiment,  a  FFPI  and  a  thermocouple  were  positioned 
between  the  second  and  third  layers  of  a  16-layer  graphite/PEEK 
coupon.  The  coupon  was  then  cured  in  a  hot  press  using  standard 
temperature  and  pressure  profiles.  Fig.  3  shows  the  dependence  of 
round-trip  optical  phase  shift  in  the  interferometer  on  temperature 
(determined  using  the  embedded  thermocouple)  during  the  curing  process 
under  a  constant  pressure  of  250  PSI.  An  abrupt  change  in  the^  slope 
of  the  curve  is  observed  at  around  700°F  for  heating  and  600°F  for 
cooling.  This  phenomenon  is  thought  to  be  associated  with  the  strain 
which  results  from  decrystallization  (for  heating)  or  crystallization 
(for  cooling)  of  the  polymer  in  the  coupon.  This  information  is 
important  in  optimizing  the  curing  process  [7],  since  the 
crystallization  or  decrystallization  temperature  can  be  adjusted  by 
changing  the  temperature  and  pressure  profiles. 

Another  application  for  the  fiber  sensor  is  in  strain  monitoring 
[8].  For  strain  measurements,  two  electric  strain  gauges  (ESGs)  were 
bonded  to  opposite  sides  of  the  completed  coupon,  above  and  below  the 
embedded  FFPI.  A  strain  was  induced  by  applying  a  load  to  the  center 
of  the  coupon,  which  was  supported  at  opposite  ends.  The  strain 
sensitivity  of  the  FFPI,  determined  by  comparing  the  optical  phase 
shift  with  the  ESG  readings,  was  9.1  x  10®  rad/m,  about  14%  greater 
than  was  measured  for  the  same  fiber  in  air. 

Strain  measurements  were  also  made  at  elevated  temperatures. 
Both  the  fiber  optic  and  ESG  sensors  showed  good  linearity  at  200°F. 
However,  as  indicated  by  the  data  of  Fig.  4(a),  the  ESG  response  was 
unstable  at  300°F.  By  contrast,  the  data  of  Fig.  4(b)  shows  the  same 
linear  load  profiles  at  200  r  and  300°F  for  the  FFPI  sensor. 

In  conclusion,  fiber  optic  Fabry-Perot  interferometers  embedded 
in  cast  aluminum  parts  have  been  used  for  sensing  temperature  and 
ultrasonic  pressure.  These  are  the  first  results  on  fiber  sensors 
embedded  in  a  metal  widely  used  for  structural  purposes.  Breakage  of 
the  fibers  at  the  air-metal  interface  during  the  casting  process  is 
avoided  through  the  use  of  stainless  steel  stress-relief  tubes.  A 
FFPI  sensor  was  also  used  to  monitor  the  curing  of  a  graphite/PEEK 
composite  coupon.  Changes  in  the  slope  of  the  plot  of  interferometer 
phase  shift  vs.  temperature  were  taken  as  evidence  of  phase 
transitions  in  the  polymer  matrix.  Such  data  can  be  useful  in 
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optimizing  the  composite  fabrication  process.  Experiments  on  the 
finished  composite  sample  indicate  that  an  embedded  fiber  sensor  can 
be  used  to  measure  strain  over  a  much  greater  temperature  range  than 
conventional  strain  gauges. 

This  work  was  supported  in  part  by  DARPA  through  a  subcontract 
with  McDonnell  Douglas  Aircraft  Company. 

REFERENCES 


1.  E.  Udd,  "Fiber  Optic  Smart  Structures,"  in  Fiber  Optic  Sensors, 
E.  Udd,  ed.  (Wiley,  New  York,  1991) . 

2.  C.  E.  Lee  and  H.  F.  Taylor,  Electron.  Lett.  24,  193  (1988). 

3.  C.  E.  Lee,  R.  A.  Atkins,  and  H.  F.  Taylor,  Opt.  Lett.  13,  1038 
(1988) . 

4.  T.  Valis,  D.  Hogg,  and  R.  M.  Measures,  IEEE  Photon.  Technol.  Lett. 
2,  227  (1990). 

5.  J.  J.  Kidwell  and  J.  H.  Berthold,  Proc.  SPIE  1367,  192  (1990). 

6.  J.  J.  Alcoz,  C.  E.  Lee,  and  H.  F.  Taylor,  IEEE  Trans.  Ultrason., 
Ferroelec.,  Freg.  Contr.  UFFC-37,  302  (1990). 

7.  P.  R.  Ciriscioli  and  G.  S.  Springer,  Autoclave  Curing  of 
Composites  (Technomic,  Lancaster,  PA,  1990) . 

8.  T.  Valis,  D.  Hogg,  and  R.  M.  Measures,  Proc.  SPIE  1370,  154 

(1990). 


Fig.  1.  Arrangement  for  casting  metal  part,  and  finished  part  with 
embedded  fiber  sensor. 
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Embedded 


Fig.  2.  Experimental  setup  for  testing  embedded  sensor. 


Temperature  ("F) 


Fig.  3.  Dependence  of  interferometer  phase  shift  ^  on  temperature 
during  the  curing  process.  Open  and  closed  circles  represent  heating 
and  cooling,  respectively. 
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We  report  on  a  two-mode  elliptical  core  fiber  strain  sensor  system  with  a  passive  phase 
interrogation  technique  based  on  frequency  modulion  of  the  laser  source.  We  demonstrate  DC 
phase  tracking  capability  and  high  resoludtm  detectability  of  AC  signals.  A  reflectometric 
conffguration  is  also  discussed. 

Introduction:  Few  mode  ffber  sensors  represent  one  of  the  earliest  type  of  interferometric  fiber 
devices  proposed  and  tested  [1].  Early  woiit  on  these  sensors  utili^  circular  core  ffbers, 
however,  mtne  recently,  significant  attention  has  been  directed  towards  the  use  of  two-mode 
interferometry  using  elliptical  cotc  (e-core)  fiber  since  the  output  interference  (mentation  is 
spatially  defined  and  stable[2].  Due  to  the  'single-ffbCT*  nature  of  Ae  configuration,  these  senscas 
have  b^n  widely  proposed  as  suitable  sensing  elements  for  strain  and  vibratitm  measurement  in 
smart  materials  and  structures  [2,3].  However,  the  demonstraticM)  of  passive  remote,  i.e.  lead 
insensitive,  interrogation  schemes  is  necessary  for  practical  applications  of  smart  materials  and 
structures  to  be  further  realized.  Some  nKthods  have  been  described  to  recover  phase  shift 
information  without  signal  fading  by  the  generation  of  quadrature  phase  shift  signals  from  the 
two-m(xle  sensor  output  [4,5].  Several  laser-frequency-modulation  based  interrogation 
techniques  have  been  developed  fcx*  single-mode  int^erometty[6,7]  as  well  as  for  polarimetric 
devices[8]  for  the  passive  phase  detection  of  signals,  but  few,  if  any,  such  techniques  have  teen 
reported  using  two-mode  e-core  sensor  systems.  In  the  following,  we  demonstrate  the  use  of 
such  schemes  with  a  two-mode  e-core  fiber  sensor  in  a  'single  fiber’  configi^tion  to  measure 
strain.  Furthennene,  we  demonstrate  the  potential  of  these  methods  in  an  experimental  smart  skin 
application  where  strain  induced  by  3-point  tending  and  low-level  vibrational  excitation  of  a  panel 
is  recorded  using  this  approach.  A  reflectometric  vmion  of  the  e-core  sensor  is  also  describe^ 
which  has  further  advantages  in  terms  of  its  suitably  for  embedded  sensor  applications  due  to  the 
common  input/output  fiber  used,  which  eases  requirements  for  fiber  ingres^egress  in  composite 
materials. 

Principle  of  Operation:  Light  from  a  laser  di(xle  source  is  coupled  to  e-c(n*e  fiber  via  a  single 
mode  fiber  that  serves  as  the  sensor  input  lead  as  shown  in  Hgure  1.  The  c-con  fiber  parameters 
allow  for  the  propagation  of  the  fundamental  LPqi  and  the  LPy  even  modes,  which  results  in  an 
interferometric  two-lobe  intensity  pattern  at  the  output  of  the  fiber.  The  optical  power  oscillates 
between  the  two  lobes  with  phase  changes  between  the  two  modes.  By  splicing  to  circular  core 
single-mode  fiber,  the  interference  pattern  can  be  spatially  filtered  to  isolate  the  fiinge  intensity 
variation  of  a  sin^e  lobe  by  misaligning  the  two  different  fibers  [2].  The  output  intensity  of  the 
single-mcxle  fiber  then  oscillates  cosinusoidally  with  sensor  phase  shift  For  a  certain  e-core  fiber 
parameters,  a  suitable  delay  between  the  two  modes  can  be  achieved  such  that  fcH*  a  frequency 
change  of  the  laser  output  Av,  there  is  a  change  in  phase  A^  =  2ffk(PorPii)‘^v  where  the 
coefficient  k(  PorPii )  dependent  on  the  difference  in  the  propagation  constants  Poiand  Pn  of 
the  LPqi  and  LPn  even  nrodes  respectively,  which  are  determine  by  the  e-core  fiber  parameters 
and  source  wavelength.  The  phase  dependence  on  laser  fr^uen^  allows  for  the  application  of 
many  different  FM  methods  of  interrogation/demodulation  including  synthetic  heteiodyne[6]  and 
phase  generated  carrier  techniques[7]  more  cotrxrnly  used  with  single-noode  fiber  inteiferometry. 
By  frequency  modulation  of  the  laser  source  the  photodetected  intensity  is  of  the  form 

1=1+  Vcos(<(>o  +  A<}>sino)t) 

where  V  is  the  fringe  visibility  and  <j>o  is  the  static  phase  term  of  the  interfnometer.  This  phase 
iiKxiulated  output  contains  a  series  of  even  and  odd  harmonics  of  O)  that  vary  as  cosine  and  sine 
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respectively  of  the  phase  term  <t)q.  By  synchronous  detection  at  the  first  and  second  haimonics  of 
Cl),  the  following  quadrature  phase  signals  can  be  obtained  Si  =  Ji(Ail))sin<|»p  and  S2  = 
A<i>)cos(l)Q  where  Ji(A<(>)  and  J2(A<}>)  are  Bessel  functions.  These  two  signals  can  w  balanced  by 
adjusting  the  depth  of  FM  modulation  to  Aij)  =  2.6  radians  where  Ji(A(|))  is  equal  in  magnitude  to 
the  J2(A(|>)  Bessel  function.  With  these  quadrature  phase  signals  available,  a  linear  output 
corresponding  to  fiber  strain  can  be  readily  obtained  either  by  differentiate  and  cross  multiply  [7], 
directional  sine/cosine  fringe  counting,  or  other  [9]  phase  tracking  schemes. 

Experimental  Results:  Demonstration  of  phase-generated  carrier  demodulation  with  a 
two-mcxie  fiber  sensor  was  implemented  using  the  configuration  shown  in  Figure  1.  Light  from  a 
0.83  |im  laser  diode  source  was  coupled  to  single  mode  fiber  which  guides  the  light  to  the 
illuminate  the  sensing  fiber  consisting  10  meters  of  elliptical  core  fiber.  This  length  of  fiber  was 
wound  on  a  piezoelectric  transducer  so  that  test  strain  could  be  applied  to  the  sensor.  The  output 
of  the  e-core  fiber  was  spatially  filtered  using  a  single  mode  fiber  in  an  o^set  splice  to  produce  an 
interferometric  signal  at  the  detector.  Figure  2  shows  an  example  of  the  photodetected  signal  when 
sinusoidal  modulation  is  applied  to  the  laser  diode  supply  current.  To  obtain  sine/cosine 
quadrature  phase  signals  a  high  frequency  carrier  of  40  kHz  was  used  which  was  then 
synchronously  detect^  at  the  photodetector  output.  Figure  3  shows  the  resultant  x-y  display  for 
the  phase  quadrature  output  signals  when  a  SO  Hz  frequency  2iz  radian  test  signal  is  applied  the 
piezoelectric  cylinder  which  clearly  demonstrates  the  excellent  phase  quadrature  relationship  that 
can  be  obtain^.  Phase  shift  responsivity  to  fiber  strain  was  determined  by  monitoring  a  pha.se 
carrier  signal  while  applying  voltage  to  Ae  piezoelectric  transducer.  From  Ais  measurement,  the 
strain  responsivity  of  the  fiber  (fiter  elongation  for  a  27c  phase  shift)  was  calculated  to  be  ~  120 
p.m.  To  fully  demodulate  Ae  sine/cosine  sisals,  a  Afferentiate  and  cross  multiply  circuit 
(DCM)  was  used  to  recover  small  AC  phase  shift  information  (<  1  raAan)  Ae  output  of  which  is 
proportional  to  fiber  stram.  The  noise  floor  of  Ais  arrangement  was  recoiled  at  several  different 
frequencies  over  the  signal  band  and  is  shown  in  Figure  4;  as  can  be  seen,  a  phase  sensitivity  of 
50  jirad/VHz  or  better  was  achieved  from  20  to  1CK)0  Hz  which  corresponds  to  a  e-core  fiber 
lengA  change  smaller  Aan  1  nanometer,  or  a  strain  resolution  of  lO-^O  for  Ac  10  m  lengA  used. 
The  dependance  of  the  phase  noise  on  frequency  shows  Ae  expected  1/Vf  dependence  due  to  the 
frequency  jitter  of  Ae  laser  Aode  source. 

The  potential  of  this  method  for  use  in  a  smart  structures  applications  was  demonstrated  by 
attaching  10  meters  of  e-core  fiber  A  multi-pass  fashion  to  Ae  bottom  surface  of  a  plastic  panel 
52  cm  X  34  cm.  The  panel  was  Aen  subject  to  3-point  bending  using  a  motorized  translation 
stage  to  load  the  top  surface  of  Ae  panel.  Figure  5  Aows  Ae  resultant  phase  shift  of  Ae  output 
carrier  signal  for  a  deflection  range  of  3  mm.  For  Ais  particular  measurement  a  carrier  signal  was 
synthesized  by  applying  a  sawtooA  ramp  to  Ae  laser  supply  cuirent  DC  changes  in  filwr  strain 
were  Aen  monitored  with  a  lock-in-amplifier  (LIA)  and  configured  as  a  phase  analyzer.  Figure  6 
shows  the  output  of  Ae  LIA  for  several  200  ^m  step  changes  in  beam  deflection  during  a  100 
second  time  period.  As  can  be  seen,  10  ^m  changes  in  deflection  can  resolved  wiA  Ais 
approach.  The  phase  generated  carrier  approach  with  DCM  demodulation  of  sme/cosme  signals 
was  used  to  recover  weak  time- varying  phase  changes.  Vibration  of  Ae  panel  was  induced  by  a 
low  frequency  acoustic  signal  generated  by  a  speaker  suspended  above  Ae  surface  of  Ae  panel. 
Figures  7a  and  7b  show  the  demodulated  output  spectrum  of  Ae  sensor  wiA  and  wiAout  a  5  Hz 
tone  generated  by  the  speaker.  The  noise  floor  at  10  Hz  corresponds  to  a  panel  vibrational 
amplitude  of  10  nirWHz  rms. 

A  reflectometric  sensor  configuration  has  also  been  constracted  as  shown  in  Figure  8.  Light  is 
launched  into  Ae  e-core  fiber  via  single  mode  fiber  lead  from  a  2X2  couplo*  near  the  source.  The 
single  mode  to  e-core  offset  splice  in  Ais  arrangment  serves  Ae  dual  purpose  of  illuminating  Ae 
two  modes  of  the  fiber  and  spaitially  filtering  Ae  return  light  The  LPqi  and  LP„  modes  are 
reflected  by  a  minor  chemically  deposited  on  Ae  cleaved  end  of  Ac  10  meter  lengA  ot  e-core  fiber 
wound  on  a  piezo-electric  transducer.  Operation  using  Ac  same  FM  interrogation  scheme 
described  earlier  allowed  for  the  passive  demodulation  of  sensor  signals  over  a  common 
mput/output  lead.  Figure  9  shows  Ae  responsivity  to  fiber  strain  as  compared  to  Ae  transmissive 
configuration  demonstrating  the  increased  responsivity  as  expected  wiA  the  dual  path  of  the 
reflectometric  sensor. 
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Conclusions:  A  method  for  remote  interrogation  and  demodulation  of  a  two-mode  elliptical 
core  fiber  strain  sensor  over  lead-insensitive  single-mode  fiber  has  been  demonstrated  using  a 
frequency  modulated  laser  source.  High  resolution  signal  detection  has  been  demonstrated  and 
employed  in  an  experimental  sman  skin  application.  A  reflectometric  version  using  a  common 
input/output  lead  with  remote  laser  interrogation  was  also  reptxtol 
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Figure  1 :  Experimental  arrangment  used  to  Figure  2:  Top;  Sinusoidal  modulatxm  applied  to  laser 

demonstrate  remote  demodulation  of  a  two-mode  supply  nirrent  Bottom:  Resultant  phase  carrier  signal 

elliptical  core  sensor.  at  photodetected  output. 


Frequency,  Hz 


Figure  3:  X-Y  display  of  recovered  sine/cosine 
quadrature  signals  with  a  SO  Hz  2n  radian  test  signal 
applied  to  the  PZ  element. 
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Figure  4;  Demodulated  output  noise  floor  using 
differentiate  and  cross  multiply  circuit  to  process  the 
sine/cosine  quadrature  signals. 


Figure  5;  Recorded  sensor  phase  shift  response  for 
3-point  deflection  of  a  plastic  panel. 


Figure  6:  Lock-in-amplifier  output  for  several  200pm 
step  changes  in  panel  deflection  during  a  100  second 
time  interval. 
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Figure  7:  Demodulated  output  signal  spectnim  of  the  two-mode  sensor  before  panel  insonificatirm  (a) 
and  after  insonification  (b)  with  a  5  Hz  acoustic  signal  the  amplitude  of  which  corrcs]  >nds  to  a  2  mrad 
phase  shiftfequivalent  to  a  parrel  vibrational  amplitude  of  -0.1  pm  rms). 


Figure  8:  Experimenul  arrangment  showing  two-mode 
e-core  reflectometric  configuration. 


Figure  9:  Phase  shift  responsivity  to  fiber  strain  for 
transmissive  ( -•- )  and  reflectrometric  ( )  arrangements. 
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F2.4  Grating-based,  Two-mode  Elliptical-core  Optical  Fiber  Sensors 
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Since  the  discovery  of  photo-induced  gratings  in  germania-dt^ied,  single-mode  fibers  by  Hill  and 
cowotkers  in  1978,  several  extensions  and  applications  of  this  phenomenon  have  been 
presented.*"^  Permanent  index  gratings  in  two-mode,  elliptical-core  (e-core)  qitical  fibers  have 
been  demonstrated,  and  their  use  in  intermodal  switching  and  chirped  filters  for  dispersion 
con^nsation  have  been  proposed.  We  present  here  the  effects  of  writing  two-mode  gratings 
in  fibers  and  discuss  their  sensing  implications.  The  effect  of  permanent-index  gratings  on  tiie 
differential-phase  modulation  between  the  LPqi  and  LPu®'*"  modes  in  two-mode  fibers  is 
analyzed  in  detail  and  the  use  of  these  grating-based  sensors  fix*  weighted-sensing  applications  is 
proposed.  Our  results  show  that  strained  fibers  exposed  to  high-power  writing  beams  from  an 
argon-ion  laser  could  be  used  as  sensing  elements  with  varying  beat-lengths  and  hence,  varying 
sensitivities. 

Two-mode,  e-core  fiber  sensors  operate  on  the  principle  of  differential  phase  modulation  between 
the  LPqi  and  LPj  j*''®"  modes.^*  *  As  the  two  modes  propagate  through  the  length  of  the  fiber,  an 
interaction  between  the  symmetrical  LPqj  mode  and  the  asymmetrical  LPj^  mode  leads  to  a 
spatially  alternating  two-lobe  pattern  that  evolves  altxig  the  longitudinal  direction  witii  a  period 
equal  to  the  beat-length,  L3,  of  the  fiber.  When  a  high-power  argon-ion  laser  beam  is  launched  into 
a  germanium-dq)ed  core,  a  two-mode  fiber  grating  is  formed  after  sustained  exposure;  the 
photoinduced  refractive-index  variation  is  an  exact  replica  of  the  intensity  {xofile  within  tiie  fiber 
ccnre  and  is  shown  schematically  in  Figure  1. 


Fig.  1 .  Photo-induced  refractive-index  changes  in  a  two-mode  fiber. 
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We  first  analyze  the  effect  of  the  grating  on  the  beat-length  of  the  sensor  and  find  that  we  have  a 
varying  beat-length  dependent  on  the  induced  strain.  For  example,  a  grating  written  in  a  fiber  kept 
unstrained  during  the  writing  process  shows  a  variation  in  beat-length  as  depicted  in  Figure  2.  This 
result  illustrates  the  principle  of  varying-sensitivity  sensors  and  also  lays  the  foundation  for 
weighted- vibration  sensing  schemes.  We  show  in  an  accompanying  paper  ^  that  to  obtain  enhanced 
detection  of  a  particular  mode  of  vibration  one  needs  to  tailor  the  Ap”  profile  (where  Ap  is  the 
difference  in  propagation  constants  of  the  LPqj  and  LPjj®''®"  modes  and  the  primes  indicate 
derivatives  with  respect  to  the  spatial  variable  x)  as  a  function  of  x.  The  parameter  AP"  can  be 
made  to  vary  along  the  length  of  the  fiber  by  inducing  an  x-dependent  strain  in  a  grating-based, 
two-mode,  e-core  fiber.  The  method  we  propose  here  consists  of  attaching  a  fiber  to  a  one¬ 
dimensional  beam  and  exposing  the  germanium-doped  core  to  a  high-intensity  Argon-ion  laser 
beam.  During  exposure,  the  beam  is  placed  under  static  strain  in  a  shape  that  is  determined  by  the 
beam  dynamics  and  the  desired  variation  of  the  equivalent  differential  propagation  constant. 


0.00  0.05  0.10  0.15  0.20  0.25  0.30  0.35 
Strain  (%) 

Fig.  2.  Experimental  result  showing  variation  of  beat-lengths  with  strain  induced  on  a  fiber  with  in-line  grating. 
Filled  circles  are  experimental  data  points,  solid  lines  are  best  fits.  Exp^mental  error  is  ±  5  pm. 

From  Fig.  2,  we  see  that  the  beat-length  varies  almost  inversely  with  strain.  This  variation,  along 
with  an  analysis  of  the  beam  dynamics,  leads  us  to  the  shape  Viniced’  beam  should  be  placed 
in  during  high-power  writing  and  is  given  by 

Vinduced*  O) 

where  Vn(^)  **  specific  mode-shape  of  vibration  one  wishes  to  selectively  enhance.  We  report 
results  for  a  specific  example,  namely,  a  clamped-ffee  beam  for  which  the  mode  shapes  \|/„’s  are 
expressed  in  terms  of  a  linear  combination  of  sine,  cosine,  hyperbolic-sine  and  hyperbolic-cosine 
functions.  From  the  mathematical  properties  of  these  functions,  one  can  see  that  a  quadruple 
integral  restores  the  original  functions,  except  for  a  scaling  factor.  As  a  consequence,  the  beam 
needs  to  be  positioned  in  exactly  the  same  shape  as  that  of  the  specific  vibration-mode  one  wishes 
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to  selectively  enhance.  Prior  to  writing  a  grating  in  tlie  fiber,  low-power  (1  mW,  X  =  514.5  nin) 
probing  of  a  two-mode,  e-core  fiber  sensor  provided  the  vibration-mode  infcmnation  of  the 
cantilever  beam  under  investigation.  Fast  Fourier  transforms  (FFT’s)  of  the  fiber  sensor  signal  and 
an  adjacent  piezo-electric  sensor  signal  attached  to  the  beam  are  shown  in  Figure  3. 


Fig.  3.  Fast  Fourio^  transform  of  output  signals  from  a  conventional  e-core,  two-mode  fiber  sensor  and  a  piezo¬ 
electric  sensor  attached  to  the  beam.  First  vibration-mode  frequency  is  1.78  Hz  and  second  vibration-mode  is  seen  at 
1 1.2  Hz.  Solid  line;  Fiber  sensor  ouqiuL  Dashed  line:  Piezo-electric  ouqnu. 

A  high-intensity  Argon-ion  laser  beam  (40  mW,  X  =  514.5  nm)  was  launched  into  the 
germanosilicate,  e-core,  two-mode  fiber  attached  to  a  cantilever  beam.  The  beam  was  held  in  its 
first  vibration-mode  shape  during  the  high-power  exposure  of  the  fiber  core.  Pdst-exposure 
analysis  of  the  fiber  sensor  with  a  low-power  beam  at  514.5  nm  resulted  in  the  output  signal 
shown  in  Figure  4.  A  comparison  of  Figs.  3  and  4  indicates  that  the  fiber  sensor  has  suppressed 
the  second  mode  of  vibration  by  10  dB.  We  have  also  managed  to  erase  this  filtering  effect  by 
overwriting  another  grating  in  the  same  fiber  by  placing  the  beam  (with  the  fiber  attached)  in  its 
equilibrium  position  [\|r(x)  s  0]  during  exposure.  Similar  experiments  have  been  performed  with 
the  beam  placed  in  a  shape  corresponding  to  the  second  mode  of  vibration  during  grating  formation 
and  first  mode  suppressions  on  the  order  of  10  - 15  dB  have  been  obtained. 
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Fig.  4.  Fast  Fourier  transform  of  output  signals  from  a  gradng-induced,  first-mode  enhanced,  e-core,  two-mode  fiber 
SCTSor  and  a  piezo-electric  sensor  attached  to  the  beam.  The  second  mode  is  siqjpiessed  by  the  fiber  sensw  by  10  dB 
when  compared  to  the  relative  signal  levels  in  Figure  1.  Solid  line:  Fiber  senstMr  output.  Dashed  line:  Piezo-electric 
output 

In  summary,  we  present  a  detailed  study  of  the  effect  of  gratings  in  a  two-mode,  elliptical-cote 
fiber  on  the  sensing  characteristics,  analyze  the  behavior  of  a  two-mode,  elliptical-core  fibo*  with  a 
chirped  grating,  and  demonstrate  its  use  as  a  selective  vibration-mode  sensor. 
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ABmAcr 

Wind  induced  moticMi  in  goy  wires  has  proven  to  be  of  ccmsiderable  inqxntance  when 
ascertaining  the  overall  response  of  structures  supported  by  siM;h  wires.  We  have 
investigated  the  use  of  fiber  optic  sensocs  to  determine  the  guy  wire's  vibratioo  field.  The 
vibrational  measurements  have  been  correlated  with  locally  measured  meteorological  data  to 
provide  a  method  of  determining  the  wind  parameters  based  on  these  values.  A  description 
of  the  fiber  optic  sensing  technique,  the  fiber-guy  wire  physical  arrangement,  and  the 
residts  of  these  studies  are  presented. 

Introduction 

The  study  of  guy  wire  motiem  has  frequently  relied  on  measuring  the  wire's  tension  then 
predicting  parameters  such  as  total  maximum  displacement  or  mode  shape  based  on  this 
value.  Measurement  of  the  wire's  vibrating  frequency  could  be  made  through  the  use  of 
such  devices  as  accelerometers,  but  the  detectors  add  overall  complexity  to  the  wire  while 
also  slightly  changing  the  wire's  physical  geometry.  Regardless,  the  knowledge  of  how  a 
guy  wire  is  performing  as  it  is  being  subjected  to  actual  meterological  events  is  extremely 
important  We  have  investigated  the  use  of  fiber  optic  vibration  sensing  for  in-service  guy 
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wire  vibration  measurements.  In  a  typical  configuration,  the  fiber  (which  may  be  no  larger 
than  a  single  strand  of  hair  thus  causing  minimal  impact  on  the  wire's  integrity  and/or 
physical  shape)  is  wound  around  the  guy  wire  and  extends  at  least  part-way  up  the  wire. 
This  type  of  sensor  typically  uses  some  mechanical  perturbation  of  the  multimode  fiber, 
then  analyzes  the  resulting  speckle  pattern  variation  to  measure  the  perturbing  force.  In  the 
case  of  vibration  sensing,  the  recovered  signal’s  frequency  content  is  examined  thereby 
revealing  vibration  frequency  information  which,  in  the  case  of  large  structures,  may  be 
used  in  a  modal  analysis  of  the  stracture. 

Fiber  Sensor  Theory 

When  coherent  laser  light  is  injected  into  a  multimode  optical  fiber,  the  light  travels  down 
the  fiber  via  many  different  paths  resulting  in  a  grainy  interference  pattern,  composed  of  M 
individual  speckles,  being  projected  from  the  end  of  the  fiber.  For  the  system 
configuration  used  in  this  investigation,  shown  in  Rgure  1,  a  photodetector  is  illuminated 
by  a  few  speckles.  Therefore  the  photodetector  output  corresponds  to  an  integration  or 
summing  of  the  speckle  subpattem.  Ignoring  the  steady  state  DC  response,  the  output 
signal  is  proportional  to  the  intensity  variation  within  the  summed  speckle  subpattem,  Dl, 
namely  2.3 


DI  = 


for  m«M  (2) 


where  Cn  is  the  n^j^  speckle’s  total  amplitude.  It  has  been  shown  in  previous  work^  that 
the  bracketed  term  sums  to  a  constant,  K,  which  is  dependent  on  experimental  parameters. 
In  the  case  of  a  vibrating  perturbation  force  F(t)  =  Fq  sin  (wt),  the  summed  speckle  signal, 
Dl,  contains  the  vibration  frequency  component. 

The  implementation  of  the  speckle  pattern  analysis  is  based  on  performing  statistical 
analysis  of  a  signal  resulting  from  photodetection  of  a  piece  of  the  output  pattern  of  the 
fiber.  Subsequent  electrical  signal  processing  and  filtering  is  then  performed.  As 
illustrated  in  Figure  1,  statistical  intensity  processing  is  achieved  optically  by  spatially 
filtering  the  speckle  pattern  (illuminating  a  transparency  mask).  The  mask  passes  only  a 
portion  of  the  entire  speckle  pattern  which  illuminates  a  photodetector  (m«M  criteria  of 
equation  2).  By  using  a  simple  amplifier  and  high  pass  filter,  which  eliminates  the  d.c. 
portion  of  the  optical  field  (those  speckles  which  did  not  change  under  vibration),  a  stable 
and  repeatable  signal  is  found.  The  resultant  electrical  signal  is  therefore  varying  linearly 
with  respect  to  the  fiber’s  perturbation  field  (the  vibration).  (For  a  detailed  theoretical 
description  of  the  sensor’s  performance,  see  reference  3). 
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Experimental  Arrangement  and  Procedures 

The  basic  experimental  configuration  is  shown  in  Rgure  2.  A  20m  long,  0.75  cm  diameter 
wound  cable  was  attached  to  a  roof  assembly  on  top  of  the  Votey  Engineering  Building  at 
the  University  of  Vermont.  The  guy  wire’s  maximum  height  was  approximately  6m  giving 
the  guy  wire  an  elevation  angle  of  approximately  20O.  A  zipcord  structured  100/140mm 
jacketed  optical  fiber  was  helically  wound  around  the  guy  wire  beginning  at  the  base  of  the 
guy  wire  assembly  traversing  up  then  back  down  the  wire  thereby  providing  a  common 
send/receive  physical  location  with  respect  to  the  enitre  guy  wire  assembly.  The  fiber  was 
then  rigidly  attached  to  the  guy  wire  support  structure,  then  run  through  PVC  conduit 
across  the  remaining  building  roof,  down  the  side  of  the  building,  and  brought  into  the 
third  story  laboratory.  The  fiber's  output  pattern  was  spatially  filtered  for  speckle 
subpattem  isolation.  Photodetection  and  speckle  subpattem  summing  was  performed  by  a 
PIN  photodetector  whose  output  was  connected  to  a  Hewlett-Packard  Dynamic  Signal 
Analyzer  which  was  used  to  make  frequency  measurements.  A  small  weather  station 
capable  of  measuring  the  local  temperature  and  wind  speed  and  direction  was  installed 
adjacent  to  the  guy  wire's  highest  tie-down  location.  This  meterological  information  was 
hardwired  into  a  Macintosh  computer  for  time  resolved  data  acquistion  and  recording.  The 
data  acquistion  procedure  thus  amounted  to  executing  a  LabView  Macintosh-based 
application  which  would  acquire,  briefly  process,  and  record  the  time-tagged  meterological 
and  fiber  sensor  vibration  measurements.  Repeated  acquiring  of  this  data  occurred  at  user- 
specified  time  intervals.  Actual  event  recording  has  since  been  improved  to  allow  the 
computer  to  continuously  monitor  the  data  and  only  store  the  data  when  some  particular 
event  threshold  (such  as  high  winds)  has  been  exceeded.  Subsequent  signal  processing  of 
the  fiber  sensor  data  has  taken  many  paths,  such  as  computing  the  RMS  fiber  sensor  value 
then  correlating  that  parameter  with  wind  speed,  as  shown  in  Figure  3. 

Results  and  Conclusion 

The  use  of  a  speckle  based  fiber  optic  vibration  sensor  for  monitoring  and  measuring  the 
perturbation  of  a  roof-mounted  guy  wire  has  been  investigated.  Preliminary  experiments 
have  indicated  that  it  may  be  possible  to  ascertain  the  local  wind  speed  by  monitoring  the 
guy  wire-fiber  sensor  output  signal.  Additionally,  information  regarding  the  guy  wire’s 
structural  motion  and  vibrating  mode  shape  may  be  obtained  through  an  analysis  of  the 
vibration  data. 
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Figure  1.  Fiber  optic  sensor;  (a)  configuration  for  measuring  vibrations,  (b)  cioseup  of 
fiber's  time  varying  speckle  pattern,  and  (c)  transmission  of  only  a  subsection  of  the  total 
speckle  pattern  by  annular  filter. 
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Figure  2.  Basic  experimental  anangement  used  in  diese  gi^  wire  vibratkm  measurements. 
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Figure  3.  Representative  data  obtained  from  comparing  the  local  measured  wind  speed 
with  the  RMS  value  of  the  fiber  sensor's  output 
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F3.1  Optical  Magnetic  Field  Sensors  Using  Iron  Garnet  Crystals 
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This  paper  describes  the  developaent  of  optical  fiber  sensors  in 
NGK  Insulators,  Ltd. ,  nainly  optical  nagnetic  field  sensor  using 
Yttriun  Iron  Garnet  crystals  and  its  applicaticm  to  ground  fault  current 
detector. 

1.  Introduction 

Optical  fiber  sensors  are  now  applying  nainly  to  the  equipnent  for  electric 
power  sysytems(l).  Because  they  have  advantages  of  conpact  size  and  light  weight, 
high  insulation  performance  and  non  electronagnetic  interference  under  high 
voltage  and  high  nagnetic  field. 

In  this  paper,  the  developnent  of  optical  fiber  sensors  perforned  in  NGK 
Insulators  Ltd.,  nainly  optical  nagnetic  field  sensor  using  Yttriun  Iron  Garnet 
(YIG, YiFesOit)  crystals  and  Ground  fault  current  detector,  is  described(2,  3, 4). 
These  are  the  result  by  the  collaboration  with  The  Tokyo  Electric  Power  Co.  and 
other  electric  power  conpany  in  Japan. 


seosor 

effect 

■aterial 

detection  range 

teiperature* 

coefficient 

current 

(■■gnetic 

field) 

Faraday 

substituted  TIG 
BiiiSiOt.  (BSO) 

0.003  -  500  Oe 
0.5  -5000  Oe 

±0.5  -7  % 
±1.5  X 

voltage 

Pockels 

BiitSiOt*  (BSO) 
LiNbO*  (LN) 

0. 1  -  100  V 

0. 1  -  100  V 

±2.0  X 
±2.0  X 

*  teweratare  range  - 

2  0-+6  OX) 

2.  Optical  fiber  sensing  sysytei 

We  have  investigated  optical  fiber  sensing  systen  for  protection,  control  and 
fault  detection  in  the  transnission  line,  substation  and  distribution  line.  The 
key  technologies,  such  as  Faraday  and  Pockels  crystals,  new  sensor  structure  for 
easy  assenbly  and  long  durability,  optical  fiber  containing  insulators  and 
electric  circuit  for  calculation  and  indication,  are  produced  in  this 
investigation. 

Table.  1  shows  the  Table.  1  Properties  of  optical  fiber  sensors^ 

properties  of  our  optical 
fiber  sensors  for  voltage 
and  nagnetic  field 
neasurenent.  YIG  and  BSO 
(BiitSiOio)  has  Faraday 
effect  and  are  used  as 
nagnetic  field  sensors, 
and  BSO  and  LN  (LiNbOi) 
has  Pockels  effect  and 
are  used  as  voltage 
S6nsors 

3.  Preparation  of  YIG  and  Bi -substituted  YIG  crystals 

Concerning  production  nethod  of  these  crystals,  BSO  and  LN  crystals  are 
produced  by  Czochoralski  (CZ)  nethod,  and  YIG  crystal  is  produced  generally  by 
Floating  Zone  (FZ)  nethod  or  Liquid  Phase  Epitaxial  (LPE)  nethod.  CZ  nethod, 
which  is  used  to  grow  silicon  single  crystal,  has  nass-productibity,  but  FZ  and 
LPE  nethod  have  less  product ibity  and  grown  crystals  have  inhonogenuity  of 
optical  properties. 

So  we  have  tried  to  adapt  the  solid-solid  reaction  nethod  for  producing  single 
crystals  of  YIG(5).  This  is  developed  to  produce  nanganese-zinc  ferrite  single 
crystal  for  nagnetic  recording  head  by  NGK.  This  nethod  was  based  on  the  idea  to 
contact  the  polycrystalline  with  seed  single  crystal  and  heating  the  contacted 
body,  and  we  can  obtain  single  crystal  through  solid  state.  So  it  has  the 
advantage,  1)  honogenious  composition  and  high  purity,  2)  low  cost,  3} 
possibility  to  substitute  of  the  elements. 

Preparation  process  of  YIG  crystal  is  illustrated  in  Fig. 1.  Starting  raw 


powder  is  prepared  by  coprecipitated  process,  which 
is  used  to  obtain  fine  and  homogenious  powder. 

According  to  ordinaly  ceramic  processing,  the  powder 
is  dried,  calcined,  milled,  molded  in  stoicheiometry 
and  sintered.  Stoicheiometry  control  is  the  key 
process  to  obtain  optical  crystal.  Sintered  body  is 
heated  in  hot  isostatic  pressing  (HIP)  furnace.  The 
new  process  to  produce  YIG  crystals  with  uniform 
optical  magnetic  properties  at  low  cost  was  developed. 

Next,  substitution  of  the  elements  to  improve 
mageto-optic  properties,  mainly  Verdet  constant  and 
its  temperature  coefficient,  was  investigated.  Table. 2 
showes  the  YIG  crystals  family  we  are  developed  in 
this  research.  Bi  substituted  YIG  has  larger  Faraday 
rotation  angle,  so  it  has  larger  Verdet  constant.  Ga 
substituted  YIG  has  smaller  Saturated  magnetic  field, 
so  it  has  also  larger  Verdet  constant.  And  the 
temperature  coefficient  of  the  Verdet  constant  is 
improved  by  Tb  or  Gd  substitution.  By  mixing  these 
elements,  various  type  of  Faraday  ceil  can  be  achieved. 

Table.2  Magneto-optic  constants  of  substituted  YIG  crystals 


coaposition 

Faraday  * 
Rotation 
angle 
(deg/cm) 

Saturated 

Magnetic 

field 

(Oe) 

Verdet  * 
constant 

(deg/cB  Oe) 

temperature** 

coefficiti'ii 

(.%) 

output 

stability 

(%) 

Y.1  Fes  0(2 

2  4  0 

18  0  0 

0. 

1  8 

±7. 

0 

±0.  1 

(Tb  Yl,  Fe,  0,2 

3  2  0 

18  0  0 

0. 

2  4 

±0. 

5 

±0.  0  4 

Bid.  5  Ys.  5  Fes  0, 2 

8  0  0 

2  0  0  0 

0. 

5 

±2. 

5 

±0.  0  2 

Bi 1  Y2  Fes  0, 2 

2  2  0  0 

2  0  0  0 

1. 

3 

±2. 

5 

±0.0  1 

Bi,(GdY)2  Fes  0,2 

2  2  0  0 

17  0  0 

1. 

4 

±0. 

5 

±0.  0  1 

BiiY2  (Fe  Gals  0,2 

14  5  0 

5  0  0 

4. 

0 

±5. 

5 

±0.  0  3 

Bi,(Gd  Y):  (Fe  Ga)s  0,2 

16  5  0 

3  0  0 

4. 

5 

±1. 

5 

±0.  0  3 

Bi , ^SiOso  (BSO) 

0. 

0  0  2 

±  1. 

5 

±0.  2 

*  neasured  at  1.15  f/m  *•  teaperature  range  -2  0~+6  0°C 

4.  Assembly  of  sensors 

Fig.  2  ^,hows  the  principal  of  the  optical  magnetic  field  sensor  and  they  are 
constructed  by  Faraday  cell,  polarizer,  anaiizer,  focused  lens  and  optical  fiber. 
In  this  system  multimode  fiber  is  used,  and  the  accuracy  of  the  assembly  of 
these  elements  is  required  within  2  jum. 

CTO  (CaTiOs)  ceramics  is  used  as  basis  of  these  optical  elements,  because  the 
thermal  expansion  coefficient  of  CTO  is  matching  for  them.  CTO  basis  is 
precisely  cutted,  polished  and  grooved,  so  we  can  assemble  these  elements  on  the 
basis  by  adhesive  without  further  adjustment. 

This  method  is  good  not  only  for 
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I  )larizer  lens 
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Fig.  2  Piicipal  and  structure  of 

optical  magnetic  field  sensor 


easy  assembly  but  also  for  long 
durability  of  the  sensor. 

Optical  fiber  sensors  for 
electric  power  systems  are  used 
under  intense  heat  and  cold 
atmosphere. 

The  thermal  shock  examination, 
which  the  sensor  is  soaked 
alternately  in  the  +80“C  and  -20 
‘’C  liquid,  has  exhibited  that  it 
functioned  after  1700  cycles, 
which  is  converted  over  25 
years  long  durability.  By  using 
the  ceramic  basis  and  new 


387  adhesive  method,  the  durability 
of  the  sensor  is  considerably 


inproved. 


load  current 


5.  Application  for  ground  fault  current  detector 

Ground  fault  current  detector  is  the  devices  for  detecting  and  aeasuring  zero- 
phase-sequence  current  of  a  three-phase  power  distribution  line(Fig.  3).  The 
naxinuB  load  current  of  the  line 
is  600A  and  the  Bininun  zero- 
phase-sequence  current  by  ground 
fault  is  0.  lA. 

in  the  electric  circuit  for 
calculation  and  indication,  we 
adopted  the  3-phase  current 
signal  synthesizing  circuit  to 
detect  such  a  sBall  change  of  the 
current.  Each  system  to  calculate 
the  load  current  is  constructed  by 
LED,  PD  and  electric  circuit. 

Three  output  of  the  current 
signal  is  synthesized  in  it,  then 
load  currents  are  diBinished  by 
interference  and  output  signal  is 
propot  innate  to  zero-phase- 
sequence  current. 

By  using  Bi  substituted  YIG 
crystal  with  high  sensitibity  and 
high  stability  as  Faraday  cell, 

0.  lA  zero-phase-sequence  current 
by  ground  fault  can  be  detected. 

6.  Other  applications 

6-1  Fault  location  sysytea  for  substation(6) 


Pig.  3  Ground  foult  current  detector 


load  current 


Pig.4  Pault  location  systew  lor  substaiton 


This  systen  is  used  for  the 
detection  of  the  fault 
current  running  through  the 
bus  within  the 
stationfFig.  4).  Inforaation 
concerning  a  fault  current 
which  will  be  detected  by 
optical  current  transducer 
(optical  CT)  on  the 
energized  side  will  be 
transBitted  to  a  locator 
via  optical  fiber  containing 
insulators  (optical 
insulators).  BSD  crystal  is 
used  in  the  optical  CT, 
because  the  aagnetic  field 
by  a  fault  current  Is  very 
large. 


6-2  ReBOte  voltage  sensor  for  transBission  line 

This  systeB  is  used  for  the  detection  of  the  daaaged  insulators  used  In  the 
transBission  line.  It  is  not  the  optical  fiber  sensor,  but  a  optical  reaote 
sensing  systea.  The  sensor  constructed  by  BSD  crystal  and  corner  cube  airror  is 
set  beside  the  insulators.  The  light  beam  from  He-Ne  laser  is  radiated  to  the 
sensor  and  reflected  light  is  detected  by  PD.  If  daaaged  insulators  are  existed, 
the  modulation  by  Pockels  effect  is  detected  in  the  reflected  light.  The 
Biniaua  detection  voltage  is  lOV,  and  they  can  be  detected  more  easily  than 
ordinary  method. 
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7.  Basic  reseach 

7-1  Voltage  and  current  realtime  measurement  sensor(7) 

BSO  crystal  has  both  of  Faraday  and  Pockets  effect,  so  it  is  possible  to 
detect  voltage  and  current  at  the  same  time.  The  sensor  structure  is  almost  the 
same  we  mentioned  above  except  both  of  voltage  and  magnetic  field  is  added  to 
BSO,  and  the  output  from  PD  is  separated  according  to  its  frequency  by  lock-in 
amplifier.  When  the  frequency  of  objective  electric  power  is  w,  intensity  of 
the  current  is  in  proportion  to  oi  signal,  and  intensity  of  the  voltage  is  in 
proportion  to  square  root  of  26>  signal. 

7-2  Sensor  with  sensitivity  independent  of  Verdet  constant(8) 

When  the  DC  bias  magnetic  Held  is  added  to  the  Faraday  cell,  we  can  detect 
objective  AC  magnetic  field  with  sensitivity  independent  of  Verdet 
constant(Fig. 5).  Using 
lock-in  amplifier,  the 
output  from  PD  is  separated 
two  frequencies  (  l<o  and 
Uco).  And  the  intensity  of 
the  current  is  in  proportion 
to  the  value  of  I  tO)/l(o. 

So  the  temperature 
coefficient  of  the  Verdet 
constant  is  canceled.  Using 
Bi  substituted  YIG,  the 
output  of  the  signal  is 
improved  from  ±2.  5X  to  ± 

0.  3X. 


Fig. 5  sensitivity  independent  sensor 


8.  Sunury 

Optical  fiber  sensing  systems  mainly  for  electric  power  systems  are 
disucussed.  In  the  field  of  optical  fiber  sensors,  we  have  developed  from  the 
materials  such  as  YIG  crystals  with  various  properties  to  the  systems  for  fault 
detecting  and  monitoring.  And  some  of  them  are  now  produced  commercially  and 
some  are  tested  in  the  field.  And  we  are  now  trying  to  expand  the  application  4)f 
optical  fiber  senssis. 
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F3.2  High  Frequency  Magnetic  Fieid  Sensors  Based  On  The 

Faraday  Effect  In  Garnet  Thick  Films 

R.  Wolfe,  E.  M.  Gyorgy,  R.  A.  Lieberman*,  V.  J.  Fratello,  S.  J.  Licht 
AT&T  Bell  Laboratories,  Murray  Hill,  New  Jersey  07974 

M.  N.  Deeter  and  G.  W.  Day 

National  Institute  of  Standards  and  Technology,  Boulder,  CO  80303 
INTRODUCTION 

The  Faraday  effect  in  ferrimagnetic  garnets  can  be  used  as  the  basis  for  fiber  optic  magnetic  field 
sensors  [1,2].  Single  crystals  of  substituted  yttrium  iron  garnet  (YIG)  can  be  in  bulk  form,  or 
epitaxial  thin  films  with  planar  anisotropy  [3],  or  thick  films  with  uniaxial  anisotropy 
perpendicular  to  the  surface  [4].  The  growth  of  magnetic  domains  parallel  to  the  applied  field  at 
the  expense  of  antiparallel  domains  results  in  changing  Faraday  rotation  of  the  plane  of 
polarization  of  transmitted  infirared  light.  In  this  papa*  we  report  on  the  sensitivity  and  speed  of 
sensors  based  on  thick  uniaxial  garnet  films,  with  the  applied  field  and  the  light  propagation 
direction  perpendicular  to  the  film.  In  zero  field,  these  films  have  up  and  down  magnetic 
domains  of  equal  area,  forming  the  familiar  stripe  pattern  shown  by  their  Faraday  rotation  in 
Figure  1.  The  changes  in  this  pattern  with  magnetic  field  determine  the  sensitivity  and  limit  the 
maximum  operating  speed  of  a  magnetic  field  sensor. 

THEORY 

For  thick  films,  the  magnetization  increases  linearly  with  field  and  it  saturates  (i.e.  all  of  the 
stripe  donudns  are  wiped  out)  in  a  field  which  is  approximately  equal  to  the  strength  of  the 
saturation  magnetization,  M,.  When  linearly  polariz^  light  is  used  to  probe  a  large  number  of 
stripe  domains,  with  an  analyzer  set  at  45**  to  the  input  polarization  direction,  the  transmitted 
intensity  also  varies  linearly  with  field  for  small  rotation  angles.  The  sensitivity  is  therefore 
inversely  proportional  to  the  magnetization  and  linearly  proportional  to  the  film  thickness  times 
the  Faraday  rotation  constant  [5].  The  high  frequency  behavior  of  this  field  sensor  depends  on 
domain  wall  damping  or  domain  wall  resonance  in  the  same  way  as  the  magnetic  susceptibility. 
The  standard  theory  of  the  susceptibility  of  thick  uniaxial  films  [6,7]  begins  with  the  equation  of 
motion  for  small  displacements,  x,  of  the  domain  walls  (in  SI  units): 

mx  +  Px  +  Kx  =  2  HoHM,  (1) 


where  m  is  the  effective  mass  of  the  domain  walls  per  unit  area: 

iVJ 


m  = 


K 


(2) 


3  is  the  viscous  damping  coefficient: 


*  Present  Address:  Physical  Optics  Corp.,  Torrance,  CA  90501 . 
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a 


(3) 


K 


and  K  is  the  wall  stiffiiess  coefficient,  related  to  the  demagnetizing  field 

^  ^  I  un  1^”  (1-7)’"  Ml 


47C 


[(AK)«  L]» 


(4) 


In  these  expressions,  A  is  the  exchange  energy,  K  is  the  uniaxial  anisotropy  energy,  y  is  the 
gyromagnetic  ratio,  M,  is  the  saturation  magnetization,  H  is  the  applied  field  peipendicular  to 
the  fihn,  a  is  the  damping  constant  (proportional  to  the  ferromagnetic  resonance  linewidth),  and 
L  is  the  film  thickness. 


Solving  Equation  1  assuming  a  sinusoidally  varying  applied  field  with  radial  frequency  of)  gives 
for  the  real  part  of  the  susceptibility  x  (=  M/H)  divided  by  its  low  frequency  value: 


X/Xo 


K(K  -  mOQ^) 
(K  -  mca^)^  + 


(5) 


If  the  damping  is  very  small,  the  susceptibility  at  high  frequencies  shows  a  resonant  behavior 
(domain  wall  resonance)  at  a  frequency  given  by  (k  -  mOf>^  )  =  0.  If  the  danq>ing  is  large,  then 
X  shows  relaxation  behavior  a  constant  value  at  low  frequencies,  falling  to  one  half  of  this  value 
at  a  frequency  of  K/p,  and  then  dropping  off  as  l/o)^  at  high  frequencies.  (See  Figure  4). 

EXPERIMENTS 


In  this  study,  three  thick  films  grown  for  magneto-optic  isolator  experiments  were  studied  They 
all  contained  bismuth  to  enhance  the  Faraday  rotation  and  were  grown  by  standard  liquid  phase 
epitaxy  (LPE)  techniques  on  Ca-Mg-Zr  substituted  gadolinium  gallium  garnet  (lll)-oriented 
substrates.  Films  1  and  2  are  double  films  grown  on  both  sides  of  the  substrate.  Film  3  is  a  free 
standing  film  with  the  substrate  removed  The  relevant  properties  of  these  filnK  are  listed  in 
Table  1. 


Table  1 


Film  1 

Film  2 

Film  3 

Composition 

(BiY)3Fe50i2 

(BiTb)3(FeGa)50i2 

(BiTb)3(FbGa)50i2 

Film  thickness  (4m) 

60x2 

100x2 

320 

A(JAn) 

3.7  X  10-2 

3.0  X  10-2 

2.5  X  10-2 

M,  (kA/m) 

143 

56 

28 

Kd/in^) 

1.4  X  10^ 

4.5  X  102 

4.7  X  102 

Stripe  width 

7  4m 

124m 

504m 

Damping 

Low 

High 

High 

Faraday  rotation  at  l.Spm 

27® 

27® 

45® 

The  saturation  magnetizations  and  uniaxial  anisotropy  energies  were  measured  with  a  vitnating 
sample  magnetometer.  The  exchange  energies  were  estimated  from  the  known  values  for  the 
pjTO  garnets,  and  the  expected  drop  due  to  dilution  of  the  iron  with  gallium  [8].  The  stripe 
widths  were  measured  by  observing  the  Faraday  rotation  of  the  domains  at  near  infrared 
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wavelengths  where  the  garnets  are  transparent  and  the  TV  camera  still  has  some  sensitivity.  The 
stripes  in  Film  2  are  shown  in  Figure  1.  Film  1  appears  similar.  In  Film  3  the  domains  are  much 
wider  and  more  complex,  as  shown  in  Figure  2.  On  one  stuface,  the  stripe  domains  have 
undulations  with  a  period  similar  to  the  stripe  width  (Fig.  2a).  As  the  focus  is  moved  to  the 
middle  of  the  film,  these  undulations  disappear.  On  the  other  surface  they  reappear,  not 
correlated  with  the  first  surface,  and  small  spike  domains  of  reverse  magnetization  appear.  This 
complex  domain  structure  is  associated  with  surface  demagnetizing  effects,  and  is  typical  of  very 
thick  films. 


Fig.  1  Fig.  2a  Fig.  2b 


To  measure  the  optical  sensitivity,  1.31  |im  linearly  polarized  light  was  collimated  into  a  0.5  mm 
beam,  passed  through  the  film  and  a  45®  analyzer  and  was  detected  with  a  germanium  detector. 
With  50  Hz  magnetic  fields  applied  perpendicular  to  the  film,  the  response  was  linear  and  the 
coercivity  was  less  than  10  A/m  for  fields  up  to  at  least  half  the  saturation  field  in  each  case.  The 
sensitivities  of  Films  1,  2  and  3  were  in  the  ratio  1:2:7,  close  to  the  measured  ratios  of  the 
Faraday  rotation  divided  by  the  magnetization. 

The  high  frequency  response  measurements  were  performed  with  a  frequency  synthesizer,  an  RF 
amplifier  and  a  dielectric-filled  coaxial  transmission  line  that  generated  the  RF  magnetic  fields. 
The  coaxial  structure  contained  a  slot  that  held  the  sample  in  place  near  the  center  conductor, 
and  transversely  oriented  holes  that  provided  an  unobstructed  path  to  the  sample  for  the 
collimated  ouq}ut  of  a  1.32  nm  solid  state  laser.  The  calculated  amplitude  of  the  RF  magnetic 
field  at  the  sample  varied  firom  5  to  15  A/m.  As  shown  in  Figure  3,  the  response  for  Film  l  rose 
to  a  resonant  peak  at  6  x  10*  Hz.  (Note:  the  apparent  gentle  rise  at  lower  frequencies  is  believed 
to  be  an  artifact  related  to  the  characteristics  of  the  RF  amplifier  or  the  coaxial  transmission 
line).  Films  2  and  3  exhibit  the  relaxation  behavior  expected  for  these  high  loss  films,  as  shown 
in  Figure  4.  The  3  dB  roll-off  frequencies  are  8  x  10®  Hz  and  7  x  10®  Hz. 

DISCUSSION 

For  the  low  loss  Film  1,  the  theoretical  value  for  the  resonant  frequency.  Equations,  is 
1.6  X  10*  Hz.  This  is  in  reasonable  agreement  with  the  measured  value.  For  the  high  loss 
materials,  the  excellent  agreement  between  susceptibfiity  theory  and  optical  response 
experiments  shown  in  Figure  4  was  obtained  by  setting  the  one  adjustable  parameter,  a,  to  0.09 
for  Film  2  and  0.14  for  Film  3.  These  values  are  not  unreasonable  for  films  which  contain 
sizable  amounts  of  very  lossy  terbium  ions. 
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RELATIVE  RESPONSE  (dS) 


In  conclusion,  the  frequency  response  of  magnetic  field  sensors  based  on  uniaxial  garnet  thick 
films  can  be  at  least  qualitatively  understood  in  terms  of  the  theory  of  magnetic  susceptibility.  In 
the  presence  of  domain  walls,  higher  wall  resonance  or  relaxation  roll-off  frequencies  can  be 
obtained  by  maximizing  the  magnetization  of  the  material  and  minimizing  the  film  thickness,  the 
uniaxial  anisotropy  and  the  damping.  If  rare  earth  ions  are  added  to  improve  the  temperature 
behavior  of  the  material,  terbium  is  the  worst  choice  because  it  has  the  largest  damping.  The 
sensitivity  of  these  field  sensors  can  be  optimized  by  decreasing  the  magnetization  (as  long  as 
the  corresponding  coercivity  and  domain  size  are  not  too  large)  and  increasing  the  thickness  for 
greater  Faraday  rotation.  Since  these  are  conflicting  requirements,  a  compromise  must  be 
reached  for  each  potential  application. 
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F3.3:  Submicroampere  Per  Root  Hz,  High  Bandwidth  Current  Sensor 

Based  On  The  Faraday  Effect  in  Ga:YiG 

A.  H.  Rose,  M.  N.  Deeter,  and  G.  W.  Day 
National  Institute  of  Standards  and  Technology 
Boulder,  CO  80303 


Abahract 

We  demonstrate  an  optical  fiber  current  sensor  based  on  the  Faraday  effect  in  gallium- 
substituted  yttrium  iron  garnet  that  has  a  measured  sensitivity  of  approximately  3.0  °/A,  a  noise- 
equivalent  current  of  about  SOO  nA/vlIz,  and  a  3  dB  bandwidth  of  ^roximately  10  MHz.  The 
sensitivity-bandwidth  product  is  about  a  factor  of  40  greater  than  an  all-fiber  current  sensor  with 
the  same  diameter. 


Introductioii 

EMI  and  BMP  testing  requires  sensors  with  a  bandwidth  of  at  least  10  MHz  and  sometimes 
as  great  as  1  GHz,  and  noise-equivalent  currents  (NEI)  as  low  as  1  pA/\^z.  Conventional 
current  sensors  suffer  from  problems  with  interference  and  may  lack  the  necessary  bandwidth. 
Optical  fiber  current  sensors  using  annealed  coils  may  be  able  to  provide  the  required  bandwidth 
or  NEI  but,  because  of  transit  time  limitations,  probity  not  both.’'^  For  example,  a  fiber  current 
sensor  based  on  a  1  cm  diameter  annealed  coil  with  200  turns  would  have  a  transit-time-limited  3 
dB  bandwidth  of  about  15  MHz;  such  a  sensor  operated  at  633  nm  would  have  a  sensitivity  of 
about  S3  °/kA,  a  bandwidth-sensitivity  product  of  0.8  MHz  “/A  and  an  NEI  of  about 
170  pA/VHz. 

Certain  materials,  not  available  in  fiber  form,  exhibit  Faraday  effects  that  are  thousands  of 
times  greater  than  that  of  silica.  Using  these  materials  in  impropriate  configurations  it  is  possible 
to  achieve  substantially  greater  bandwidth-sensitivity  products  than  with  an  all-fiber  device.  In  this 
p^r  we  describe  a  current  sensor  that  is  based  on  the  Faraday  effect  in  Ga:YIG,  and  has  a 
bandwidth-sensitivity  product  a  factor  about  40  greater  than  h^  been  achieved  with  an  all-fiber 
current  sensor  with  the  same  diameter.  The  bandwidth-sensitivity  product  of  garnet  sensors  is 
limited  by  material  properties,  rather  than  transit-time,  and  can  probably  be  improved. 

SenacH’ Design 

Gallium-substituted  yttrium  iron  garnet,  specifically  Y3Fe4.0Ga1.0O12,  was  chosen  as  the 
material  because  its  low-field  Faraday  effect  was  known  from  previous  work  to  provide  a  rotation 
per  unit  field  at  1 .3  pm  that  is  as  much  as  24000  times  greater  than  diat  of  silica  at  633  nm.^ 
Ga:YIG  also  has  a  lower  temperature  dependence  than  other  garnets.^ 

In  ferrimagnetic  materials,  demagnetization  effects  generally  lead  one  to  choose  samples 
that  are  rod  shaped  and  several  times  longer  than  their  diameter.’’^  For  these  experiments,  four 
samples  approximately  1 .5  mm  in  diameter  by  5  mm  long  were  selected;  their  geometrical 
demagnetization  factor  was  approximately  0.083.  Their  low-field  rotation  varied  from 
approximately  22.5  °/mT  to  27.2  °/mT  with  a  mean  value  of  approximately  24.9  ®/mT.  Their 
rotation  was  linear  with  applied  field  up  to  about  1  mT  and  saturated  near  2  mT. 


394 


The  current  sensor  configuration  is  depicted  in 
Figure  1 .  The  four  Ga: YIG  samples  are  arranged  so  that 
the  optical  path  approximates  a  closed  loop  around  the 
conductor.  However,  because  the  loop  is  not  completely 
closed  with  the  same  material,  the  sensor  will  be 
somewhat  sensitive  to  stray  magnetic  fields  and  currents 
on  nearby  wires.  Two  5x5x5  mm  right  angle  prisms 
were  inserted  between  rods  to  achieve  complementary 
total  internal  reflections  and  maintain  linear  polarization 
within  the  garnet  samples.* 

Using  the  measured  rotation  versus  magnetic  field 
of  the  four  Ga:YIG  samples,  we  predicted  the  sensitivity 
of  the  current  sensor  to  be  approximately  3.6  °/A.  The 
±\%  linear  current  was  expected  to  be  about  3  A  because 
of  the  sensor’s  sine  response  function.  A  saturation 
current  of  about  60  A  was  expected  due  to  the  magnetic 
saturation  of  the  Ga:YIG. 


Measurements 


We  have  measured  the 
sensitivity  and  NEI  of  the  sensor 
using  a  low  noise,  solid  state 
1.32  pm  laser  as  the  light  source. 

The  Faraday  rotation  was  measured 
using  standard  differential 
polarimetric  detection  techniques.* 

Figure  2  shows  the  response  of  the 
two  outputs  (signal  1  and  signal  2) 
from  the  polarizing  beam  splitter 
versus  current.  We  suspect  that 
depolarization  and  scattered  light 
are  the  primary  reasons  the  output 
signals  do  not  extinguish  fully. 

These  effects  and  stress 
birefringence  in  the  prisms  and 
epoxy  will  reduce  the  sensitivity 
(slope  of  the  response  function 
near  zero  current).  Using  the 
period  of  the  two  sinusoidal  ouq>ut 
signals  the  ideal  (maximum) 
sensitivity  would  be  about  4.4  °/A, 

but  because  of  birefringence  and  depolarization  effects  the  actual  sensitivity  is  approximately 
3.0  °/A.  There  is  some  hysteresis  in  the  response  for  values  of  current  over  10  A  which  may  be 
due  to  magnetic  domain  effects. 


Figure  2  Response  of  the  sensor  versus  direct  current.  The 
and  ”o”  are  data  taken  from  signal  1  and  signal  2  for 
increasing  current  respectively.  The  and  "a"  are  data 
taken  from  signal  1  and  signal  2  for  decreasing  current 
respectively. 
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The  output  power  spectrum 
of  the  sensor  with  a  current  of 
about  1  mA  rms  at  2  kHz  applied 
is  shown  in  Figure  3.  The  noise 
bandwidth  is  i^yproximately  1  Hz. 
The  NEI  is  SOO  nA/^^Hz.  This 
q)ectrum  was  obtained  using  an 
analog  circuit  which  produced  a 
signal  proportional  to  the  quotient 
of  the  difference  and  sum  of  the 
two  sensor  ouq>uts.  It  is  about  a 
factor  of  3  greater  than  the  shot 
noise  limit  for  the  parameters  used. 
The  sensor  has  a  linear-re^nse 
dynamic  range  of  approximately 
130  dB  at  diis  noise  bandwidth. 
The  signals  at  2  kHz  ±60  Hz, 
±120  Hz,  ...  rq>resent  ripple  on 
the  applied  signal.  The  other 
signals  ^Mced  at  n  x  60  Hz  arise 
in  the  detector  circuitry. 


We  have  not  yet  measured  ^  a  ^  ***••• 
the  frequency  re^nse  of  the  ®  ”  •  *  * 

sensor,  but  have  measured  die  c  a  ~ 

frequency  response  of  individual  R  ~ 

elements  of  die  same  material.  A  0  — 

typical  frequency  re^nse  for  a  ^  *12  _ 

1  mm  diameter,  3  mm  long  _ 

^[lecimen  is  shown  in  Figure  4.  ^  -'10  _ 

These  data  were  taken  by  placing  ^  _ 

the  Ga:YIG  sample  in  a  TEM  cell  ^  _20  ,  | 

with  holes  for  the  optical  beam  to  n  4/ 

pass  dirough  the  cell  perpendicular  0  K 

to  the  center  conductor  axis. 

Figure  4  ^ows  that  the  3  dB 

frequency  for  Ga:YIG  is  Figure  4  Relative  rc 

approximately  10  MHz.  We 

presume  the  response  of  the  complete  sensor  to  be  similar. 


t8  19  2  2.1  2.2 

Frequency  (kHz) 

Figure  3  Ouqiut  power  spectrum  when  a  1  m  A  rms  current  at 
2  kHz  is  ai^lied. 


DC  -2QI  .1.1 _ .1.1. 

0  10  20  30  40  i 

Frequency  (MHz) 

Figure  4  Relative  rotation  versus  frequency  in  Ga:YIG. 


While  Ga  substitution  in  YIG  increases  its  magneto-optic  sensitivity,  it  also  substantially 
reduces  the  frequency  response.  Pure  YIG  has  a  measured  3  dB  bandwidth  of  700  MHz.^  Other 
data  suggest  that  the  frequency  response  of  the  Faraday  effect  in  iron  garnets  is  very  dependent  on 
composition,*’’  so  it  may  well  be  possible  to  choose  a  material  with  both  a  higher  sensitivity  and  a 
higher  frequency  response  than  obtained  here.  These  materials  would  allow  the  construction  of  a 
current  sensor  with  a  lower  measured  NEI  and  wider  bandwidth. 


This  paper  represents  U.S.  Government  work  and  is  not  subject  to  copyright. 
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F3.4  High  Frequency  Response  Of  Fiber  Current  Sensors  With 

Noncircular  And  Nonconcentrated  Coils* 

R.  W.  Cernosek 

Sandia  National  Laboratories 
Albuquerque,  New  Mexico  87185 

ABSTRACT 

The  frequency  response  of  the  Faraday  rotation  in  fiber  current  sensors  is  computed  and 
measured  for  sensor  coils  of  noncircular  cross  section  and  with  displaced  coil  and  conductor 
axes.  Resonances  are  observed  at  higher  frequencies  with  magnitudes  approaching  that  of  the 
low  frequency  response.  Narrowband  current  sensors  at  frequencies  above  100  MHz  are 
reported. 


I.  INTRODUCTION 


The  general  expression  for  the  Faraday  rotation  of  linearly  polarized  light  in  a  single 
mode  fiber  is  given  by 


6 


(1) 


where  V  is  the  fiber  material  Verdet  constant,  B  is  the  magnetic  flux  density,  dl  is  the 
incremental  fiber  length  in  the  direction  of  light  propagation  and  L  is  the  total  fiber  length. 
At  low  frequencies  the  Faraday  rotation  reduces  to  6^  «  VBL,  or  in  the  case  of  a  singlemode 
fiber  current  sensor  formed  of  N  turns  of  fiber  around  a  current  conductor,^  6^  =  /tVNi.  At 
higher  frequencies,  the  complex  interaction  of  the  magnetic  field  with  the  light  propagating  in 
the  fiber  must  be  considered.  By  transforming  Eq.  (1)  to  a  time  integral  and  accounting  for 
the  time  variations  in  all  system  parameters,  the  frequency  dependent  Faraday  rotation  in  a 
fiber  current  sensor  becomes 


e(w) 


^  (s)  i  rKl  <*» 


(2) 


where  r  is  the  distance  between  the  current  conductor  and  the  light  element  in  the  fiber,  y  is 
the  angle  between  B  and  dl  (refer  to  Eq.  (1)),  w  is  the  magnetic  field  angular  modulation 
frequency,  (c/n)  is  the  speed  of  light  in  the  fiber  and  r  »  (c/n)L  is  the  transit  time  of  the 
light  in  the  fiber  sensor.  In  the  development  of  Eq.  (2),  it  is  assumed  the  magnetic  field 
propagating  along  the  current  conductor  is  planar  (TEM  mode  only).  This  simplifies  both  the 
analytical  and  experimental  investigations  at  the  high  frequencies,  although  a  red  situation  may 
be  more  complex.  Further  study  would  require  a  complete  treatment  of  all  field  modes  such  as 
Sommerfeld’s  "waves  on  wires".’ 

The  fiber  current  sensor  coil  can  be  constructed  in  almost  any  shape  or  geometry  and  Eq. 
(2)  used  to  predict  its  high  frequency  Faraday  response.  For  the  simplest  case,  a  coil  will  have 
a  circular  cross  section  and  coincident  coil  and  conductor  axes.  The  relative  magnitude  of  its 
frequency  dependent  Faraday  rotation  is 


e(w) 

s1n(wr/2) 

®o 

{wr/2) 

and  its  3  dB  sensor  bandwidth’  is 


aB 


c 

k2  R  n  N 


(4) 


*  This  work  wot  porfonucd  at  Sandia  National  Laboratoriof  and  sappoitsd  Iqr  the  U.  S.  Department  of  Emtigx  nnder  contract 
number  DE^CM.7(P0e789. 
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Other  coils  with  noncircular  cross  section  and/or  displaced  conductor  and  coil  axes  do  not  have 
such  easily  described  frequency  properties  as  expressed  in  Eqs.  (3)  and  (4)  but  their  response 
can  be  determined  directly  from  Eq.  (2).  The  investigation  of  these  coil  configurations  is  the 
subject  of  this  brief  paper.  The  relative  magnitude  of  the  Faraday  rotation  is  computed  and 
measured  for  several  representative  coils,  and  the  responses  are  compared  to  Eq.  (3).  Some 
interesting  high  frequency  resonances  are  observed  in  most  sensors,  and  significant  bandwidth 
changes  occur  in  coils  with  only  one  or  a  few  turns.  All  coils  in  these  investigations  are 
assumed  to  have  fiber  turns  that  are  colocated  in  a  single  plane  that  is  perpendiculp  to  the 
current  conductor.  Nonplanar  or  helically  distributed  fiber  coils  are  used  in  travelling  wave 
sensor  construction  to  enhance  bandwidth^  and  are  not  discussed  here. 

II.  SENSOR  COIL  CONFIGURATIONS 

The  sensor  coil  geometries  depicted  in  Fig.  1  represent  configurations  that  may  be 
encountered  in  fiber  current  sensor  systems.  In  Fig.  la  the  coil  axis  is  displaced  from  the 
conductor  axis,  while  in  Figs,  lb  and  Ic  the  coil  is  elongated  with  only  a  difference  in  location 
of  the  conductor  inside  the  coil.  With  all  three  configurations  the  high  frequency  response  is 
changed  significantly  from  that  of  Eq.  (3).  The  change  occurs  because  some  points  on  the 
fiber  are  closer  to  the  current  conductor  than  others.  Light  propagating  in  the  fiber  will 
experience  larger  Faraday  interactions  at  these  points  creating  resonances  in  the  frequency 
response.  The  magnitude  of  these  resonances  is  dependent  on  coil  geometry  and  conductor 
location,  but  their  central  frequency  depends  only  on  the  light  propagation  time  between  points 
of  closest  approach  in  each  fiber  turn.  This  behavior  is  similar  to  that  of  the  tapped  fiber 
delay  lines  used  for  filtering  and  signal  processing.^ 

Circular  Cross  Section.  Displaced  Conductor 

Equation  (2)  is  solved  for  the  coil  geometry  shown  in  Fig.  la  and  the  results  are  displayed 
in  Fig.  2.  The  relative  magnitude  of  the  Faraday  rotation  is  plotted  as  a  function  of  the 
normalized  frequency,  <.>t/2  (the  function  argument  of  Eq.  (3)),  which  removes  the  response 
dependency  on  coil  size.  Frequency  responses  shown  in  Fig.  2  are  dependent  on  the  number 
of  coil  turns  and  the  relative  displacement,  Xi/R.  The  resonances  occur  when  wr/2  is  an 
integer  multiple  of  Nr,  which  corresponds  to  the  light  propagation  delay  through  a  single  turn 
of  fiber.  For  maximum  displacement,  X^/R  =  I,  the  relative  magnitudes  of  the  resonance 
peaks  are  ~0.5.  The  3  dB  bandwidth  for  the  main  low  frequency  lobe  is  significantly  reduced 
for  a  single  turn  sensor  coil  (see  Fig.  2a),  but  for  the  five  turn  coil  (Fig.  2b),  this  bandwidth 
loss  is  not  observed.  Thus,  for  multiple  turn  current  sensor  coils,  Eq.  (4)  can  be  used  to 
estimate  bandwidth  regardless  of  axial  displacement. A t  the  higher  frequencies,  Faraday 
rotations  will  also  occur  in  the  fiber  even  if  the  coil  is  entirely  outside  the  current  conductor, 
Xi/R  >  1.  The  sensor  frequency  response  has  resonant  characteristics  that  resemble  those  in 
Fig.  2  only  with  the  low  frequency  lobe  missing  (no  d.c.  response). 

Noncircular  Cross  Section 

If  the  coil  cross  section  is  flattened  to  resemble  that  depicted  in  Figs,  lb  and  Ic,  a 
different  high  frequency  resonant  response  results.  In  the  extreme  case  of  a  highly  elongated 
coil  with  a  fully  displaced  conductor  (Fig.  lb),  a  ’delta  function’  type  behavior  results  as  the 
region  of  magnetic  field  interaction  in  the  fiber  is  reduced  to  an  extremely  small  distance. 
Frequency  responses  exhibit  resonances  with  relative  peak  magnitudes  approaching  1.0  and 
with  symmetry  about  each  peak.  Center  frequencies  of  the  resonances  are  again  only 
dependent  on  the  single  turn  light  transit  time. 

The  bandwidth  of  this  type  of  sensor  coil  does  show  some  increase  over  that  of  Eq.  (4). 
In  theory,  if  the  fiber  only  makes  a  single  pass  near  the  conductor  and  the  interaction  length  is 
short,  a  nearly  infinite  bandwidth  is  approached.  With  two  turns,  or  passes  by  the  conductor, 
a  13%  bandwidth  increase  is  theoretically  possible.  For  larger  numbers  of  coil  turns,  the 
bandwidth  quickly  returns  to  that  described  by  Eq.  (4). 

The  elongated  coil  in  Fig.  Ic  has  the  conductor  symmetrically  placed  in  the  coil  cross 
section.  High  frequency  response  is  characteristic  of  a  double  ’delta  function’  interaction  since 
two  close  approaches  are  made  between  the  fiber  and  conductor  during  each  coil  turn. 
Corresponding  resonances  are  shifted  in  frequency. 
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III.  EXPERIMENTAL  VERIFICATIONS 


A  basic  polarimetric  test  system  was  assembled  to  measure  the  high  frequency  Faraday 
rotation  in  noncentered  and  elongated  sensor  coils.  The  system  used  a  500  expanded  airline 
transmission  cell^  to  contain  the  coils  and  provide  for  a  T£M  field  exposure.  The  generation 
of  high  frequency  currents  was  greatly  simplified  using  the  cell.  Maximum  test  currents  were 
~0.4S  which  produced  rotations  of  ^  100  /trad  in  the  singlemode  fiber. 

A  10  turn,  9.6  cm  diameter  sensor  coil  was  wound  from  twisted  and  re  jacketed  low 
birefringence  singlemode  fiber.^  It  was  placed  in  the  coaxial  test  cell  volume  with  a  maximum 
available  displacement,  X^/R  =  0.38.  The  frequency  response  is  plotted  in  Fig.  3.  A  first  high 
frequency  resonance  occurs  near  675  MHz;  this  is  predicted  theoretically  using  Eq.  (2)  and 
verified  experimentally.  The  measured  magnitudes  shown  in  Fig.  3  agree  well  with  the  theory 
except  for  some  discrepancy  near  the  peak  of  the  resonance. 

The  elongated  sensor  coil  concept  was  tested  using  a  10  turn  coil  of  the  same  twisted 
fiber  with  each  turn  being  two  meters  in  length.  Only  a  small  portion  of  each  fiber  loop  was 
inside  the  cell;  the  remainder  was  left  outside  where  no  Faraday  interaction  could  occur.  In 
predicting  the  response  of  this  sensor  system,  the  integral  in  Eq.  (2)  is  evaluated  over  the  short 
fiber  section  inside  the  cell  and  the  total  rotation  is  found  by  summing  over  the  10  loops.  The 
results  of  this  test  are  plotted  in  Fig.  4  for  frequencies  below  500  MHz.  Resonances  occur  at 
intervals  of  101  MHz,  each  with  a  bandwidth  of  ~  4.5  MHz.  Excellent  agreement  between 
theoretical  and  measured  values  is  observed  for  these  resonances.  Although  additional  points 
are  not  plotted,  measured  magnitudes  below  100  MHz  follow  all  the  intermediate  lobes  and 
nulls  as  predicted. 

IV.  DISCUSSION  AND  CONCLUSIONS 

From  computations  and  measurements  on  these  fiber  current  sensors,  it  is  determined  that 
coil  cross  section  and  conductor  placement  in  the  coil  has  essentially  no  affect  on  the  sensor 
bandwidth  if  multiple  turn  coils  (N^5)  are  used.  These  coil  configuration  changes,  however, 
do  produce  resonances  at  higher  frequencies  where  the  response  sensitivity  is  now  adequate  for 
good  current  detection.  Sensitivity  is  determined  by  several  coil  properties;  the  number  of 
fiber  turns,  coil-conductor  axes  displacement,  and  the  eccentricity  of  the  coil  cross  section. 
The  center  frequency  of  the  resonances  is  a  function  of  only  the  fiber  length  in  a  single  turn, 
while  the  resonance  bandwidth  is  determined  by  total  fiber  length. 

The  resonances  observed  in  Fig.  4  do  not  continue  indefinitely  in  frequency  but  roll  off 
predictably.  An  enveloping  function  with  a  bandwidth  determined  by  the  short,  but  finite, 
fiber  interaction  length  limits  response  at  high  frequencies.  This  envelope  function  is 
approximated  by  Eq.  (3)  with  appropriate  choice  of  r.  Thus,  the  advantages  of  higher 
frequency  sensing  using  this  technique  are  not  unlimited. 

In  summary,  theoretical  and  experimental  efforts  have  examined  several  aspects  of  the 
high  frequency  response  in  Faraday  effect  fiber  current  sensors.  Coil  cross  section  and 
conductor  placement  have  been  shown  to  affect  response  magnitude.  Resonances  at  selected 
higher  frequency  bands  can  be  produced  by  manipulating  sensor  coil  geometry  and  then 
exploited  for  current  sensing  applications. 
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Fig.  1  Three  coil  configorations  for  fiber 
current  sensors. 


Fig.  3  Theoretical  (solid  curve)  and 
measured  (^two  sets  of  points)  Faraday 
rotation  frequency  response  for  a 
noacentered  current  sensor  coil. 


Fig.  2  Computed  relative  Faraday  rotation 
freqnency  response  for  a  current  sensor  with 
displaced  coil  and  conductor  axes. 


— ■ — 1 

1.0- 

; 

■ 

■ 

■ 

B 

O.B- 

■ 

H| 

■i 

B 

0..J 

H 

|H 

■ 

jl 

■| 

B 

■ 

ini 

Hi 

H 

HI 

H 

J  0  r'"!"’  .  I  """  I  I 

0  100  200  300  400  500 

Frequency  (MHz) 


Fig.  4  Theoretical  (solid  curve)  and 
measnred  (points)  Faraday  rotation  frequency 
response  for  an  elongated  coil  with  two 
meters  of  fiber  in  each  turn. 
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Stabilized  Sagnac  Optical  Fiber  Current  Sensor  Using  One 

Phase  And  Two  Amplitude  Modulations 
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Abstract  : 

Novel  design  of  a  Sagnac  optical  fiber  current  sensor  using  a  LiNbOs  phase  modulator 
and  a  special  signal  processing  allowing  both  measurement  and  compensation  of  the  linear 
birefringence  in  the  fiber. 

Introduction  : 

The  Sagnac  interferometer  has  received  a  ^eat  deal  of  intoest  with  the  development  of 
fiber  (^tic  gyroscopes.  Its  use  as  a  current  senses  is  less  known  but  nevertheless  very  attractive 
[1]>  [2],  [3].  In  addition  to  the  well  known  interesting  characteristics  displayed  by  the  optical 
fiter  sensors  Gargc  bandwidth,  high  sensitivity,  comp^  size,  remote  sensing  abiUty  and  high 
galvanic  isolation)  this  structure  exhibits  high  sensitivity  due  to  the  interferometric  techniques 
together  with  an  absolute  measurement  ability  as  a  result  of  its  reciprocity  properties. 

The  main  factor  which  limits  the  performances  of  the  Faraday  optical  fiber  current  sensors 
is  the  in^xrssibility  to  manufacture  a  fibo*  coil  free  frenn  linear  birefringence.  With  ultra  low-bi 
fiber  the  intrinsic  linear  birefiingence  is  almost  reduced  to  zero  but  the  bending  of  this  fiber  to 
fmm  the  sensing  coil  can  induce  a  non  acceptable  linear  birefringence  [4].  The  most  successful 
method  of  annealing  the  bend-induced  birefiingence  is  presented  in  ref.  [5].  It  allows  to  realize 
small  multitum  fiber  c<nls.  However  a  residual  linear  birefringence  of  about  30-50  deg  remains. 
The  use  of  spun  eUiptically-birefiingent  fibers  as  circular-polarization-preserving  fiber  is  no 
longer  tine  id^  solutitxi  because  of  its  temperature  dependence  [Q. 

In  this  paper  a  modified  Sagnac  current  sensenr  allowing  a  compensation  of  the  linear 
birefringence  effects  in  the  optical  fiber  is  presented.  The  compensation  is  based  on  the 
measurement  of  the  contrapropagating  signals  amplitudes  before  the  int^erence  occurs.  This 
procedure  relies  on  the  fact  tl^  these  signals  contain  information  on  the  effects  of  the  linear 
birefringence  on  the  measured  Faraday  phase  shift 

The  output  signal  is  biased  using  a  classical  phase  modulation  [7]  perfmned  by  a  LiNbOs 
guided-wave  phase  modulatOT  wenking  at  about  2,5  MHz  corresponding  to  the  relatively  short 
length  of  fiber  used  (about  40  m).  A  double  amplitude  modulation  is  also  performed  to  avoid 
errors  in  the  compensation  procedure  given  by  high  Fresnel  reflections  at  the  surface  of  LiNbOs 
phase  nxxiulatOT  (101og(Pi^refl.)*l  IdB). 

Theory  : 

The  principle  of  the  stabilized  Sagnac  current  sensor  has  been  set  out  in  a  previous 
publication  [8]  (without  phase  and  amplitude  modulation),  it  corre^nds  to  the  set-up  shown 
in  fig.  1.  The  interference  intensity  I3  measured  in  the  reciprocal  output  port  is  a  fiincticm  of  the 
non-reciprocal  phase  shift  induct  by  the  Faraday  effect  in  the  Sa^ac  loop.  Unfortunately  I3 
depends  also  on  the  linear  birefiingence  in  the  fiber  because  the  resultant  of  these  two  effects 
depends  on  their  local  vectorial  ad^tion  and  on  the  integration  effect  occuring  along  the  fiber. 
The  combination  of  the  Faraday  phase-shift  and  the  linear  birefringence  is  then  non-linear. 
Physically  the  linear  birefiingence  effect  acts  like  a  coupling  of  power  between  the  two 
orthogon^  circularly  polarized  modes.  Thus  by  measuring  the  power  remaining  in  the  useful 
modes  before  Ae  light  beams  interfere  Gl  tuid  I2  on  the  fig.  1)  it  is  possible  to  compensate  the 
output  interference  intensity  I3  (see  eq.  (2))  against  this  effect 

When  a  non  reciprocal  time  dependant  phase  shift  (pm(t)  =  <posin(27cfint)  is  applied  in  an 
asymmetric  manner  in  the  Sagnac  loop,  the  interference  intensity  I3  at  the  reciprocal  output  port 
is  given  by : 
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I3  =  aili  +  Bizh  +2a3yTn2Cosj2q)o  sin  |2jtfm(^jj  cos  (27ifm(t  -  +  A<|),„ j  ^ j j 

ai  =  factors  which  depend  on  reflection  and  transmission  coefficients  of  the  optical  elements  as 

well  as  on  the  electric  an^lificatitm 

II,  I2  =  li^t  intensities  before  the  interference  occurs 

Xi,  X2  transit  times  between  the  coupler  and  the  modulator  for  the  two  contra-propagating 
waves.  Ax  =  xi  -  X2 

Atpnr  =  non  reciprocal  phase  shift  induced  by  the  Faraday  effect  in  the  presence  of  linear 
t^fringence 

Let  I3  be  the  first  harmonic  (rfl3  obtained  by  electric  filtering : 

I3  =  const-  YIil2-J  i{<pJ(ax))-  sin (Atpnr)  (2) 

with  <lUAt)  =  2<posin  (jrfmAx)  (3) 


Jl((Pm(A'C))  is  the  Bessel  function  of  the  first  kind  of  order  one  which  reaches  its 
maximum  fcH-  <pin(Ax)  =  1.84  rad.  The  maximum  efficiency  of  the  modulation  is  reached  for 

sin(7cfinAx)-l  which  corresponds  to  fm  -  l/(2Ax).  In  this  case  the  two  contrapropagating 
waves  are  in  opposite  phase  conditions  when  diey  interfere. 

The  light  intensities  Ii  and  I2  depend  on  the  Faraday  phase  shift  F,  the  reciprocal  circular 
birefringence  T  and  the  linear  birefringence  S.  The  basic  idea  of  the  compensation  scheme  lies 
in  the  fact  that  the  expressicxi  I3  /  YI1I2  depends  only  on  the  non  reciprocal  phase  shift  Atpnr. 

Experimental  set-ut 


Rg.  1 

The  system  is  designed  in  order  to  keep  the  light  lineaily  polarized  in  die  whole  system 
except  in  the  sensing  tiber.Theie  are  three  main  reasons  for  that : 

•  the  effect  of  extend  perturbations  is  minimum; 

•  no  polarization  change  occurs  when  light  beams  are  split  or  recombined  the  polarization 
preserving  coupler  (PPC); 

•  LiNb03  “x-cut”  guided-wave  phase  devices  are  highly  bireMngent 

Polarization  maintaining  components  (coupler,  fiber)  ate  used  to  keep  the  light  beams 
lineariy  polarized.  In  order  to  remain  in  a  stricdy  single  mode  configuration,  Ae  polarizers  axis 
has  to  match  one  of  the  axes  of  the  polarization  preserving  fiber. 
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The  source  is  a  830  nm  AlGaAs  laser  diode  isolated  against  returned  light  by  an  optical 
Faraday  isolator.  The  sensing  optical  fiber  is  made  with  1 1  turns  of  low-bi  fiber  and  a  45  kA 
electrical  current  is  simulate  using  four  coils  with  a  total  of  2287  spires.The  modulation 
frequency  is  then  fixed  at  2.5  MHz  by  the  condition  fm  =  C(/2nl  where  Cb  is  the  velocity  of 
light  in  vacuum,  n  =  1,463  is  the  refractive  index  of  the  fiber  core  and  1  =  41  m  is  the  fiber 
length  in  the  Sagnac  loop. 

The  problems  encountered  by  using  a  LiNb03  phase  modulator  are  the  high  insertion  loss 
(~  6  dB)  and  the  high  Fresnel  retro-reflections  due  to  the  refractive  index  difference  between 
silica  fibers  and  LiNb03.  If  the  high  insertion  loss  is  not  very  critical,  in  contrast  the  retro- 
reflections  worsen  the  comi^nsadon  procedure  in  an  unacceptable  manner  because  they  lead  to 
measure  the  sum  of  the  signal  going  to  interfere  plus  the  retro-reflected  light.  A  double 
amplitude  modulation  at  fi  and  f2  obtained  by  the  chopper  shown  in  fig.  1  is  applied  to 
overcome  these  problems  and  to  get  a  "quasi-reciprocity"  in  the  compensation  proc^ure.  To 
achieve  this  double  modulation  the  optical  beam  is  chopped  twice  by  both  passing  through  the 
outer  row  of  slots  on  the  wheel  and  through  the  inner  row  and  vice  versa  for  the  beam  which 
propagates  in  the  opposite  direction.  The  requirement  of  "quasi-reciprocity"  is  therefore  fulfilled 
by  performing  a  lock-in  detection  at  the  frequency  (fi  -  f2)  fw  all  the  measured  intensities. 

Results  : 

The  measured  intensities  I3  and  Ii  are  plotted  versus  the  electric  current  lei  in  fig.  2  and  3 
for  three  values  of  8  (5  =  70,  100  and  130  deg).  In  practice,  5  is  varied  by  applying  a 
transverse  mechanical  stress  on  the  fiber. 


IrtIKAl  lejlKAl 

Fig.  2  Fig.  3 


On  fig.  2  one  can  observe  that  both  the  amplitude  and  the  period  of  the  transfer  function 
depend  on  5.  The  amplitude  variations  are  due  to  a  change  in  the  intensity  of  the  two  modes 
going  to  interfere.  This  is  illustrated  in  fig.  3  where  the  intensity  Ii  is  plotted  versus  lei.  The 
correspCHiding  graph  for  I2  is  identical  because  the  axes  of  the  fibws  have  been  oriented  in  order 
to  obtain  a  reciprocal  birefringence  T  equal  to  zero.  If  this  is  not  the  case,  the  curves  are  shifted 
to  right  or  left  for  Ii  and  to  left  or  right  for  I2  depending  on  the  sign  of  T.  In  the  presence  of 

linear  birefringence  8,  the  reciprocal  circular  birefringence  modifies  also  the  interference 
intensity  I3.  But  this  effect  is  automatically  cancelled  by  the  compensation  procedure. 

The  corrected  interference  intensities  l3(8,A(pnr)/sqrt(Ii*l2)  are  plotted  versus  lei  in  fig.  4 

for  the  three  values  of  8.  These  curves  present  a  normalized  amplitude  which  depends  no  more 
on  the  variations  of : 

•  the  intensity  of  the  light  source; 

•  the  coupling  coefficients  of  the  light  into  the  fiber 

•  the  circular  birefringence  together  with  the  linear  Wrefringence 

•  the  power  coupling  from  the  useful  mode  into  the  rejected  mode  due  to  the  linear  birefringence 
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In  these  measurements  a  large  variation 
of  5  (60  deg)  was  applied  in  order  to  show 
how  the  ncxi-reciprocal  phase  shift  varies  with 

5.  In  practice  the  sensor  has  to  be  designed  in 
order  to  work  in  the  linear  part  of  the  sine 
curve.  In  this  case  the  effect  of  the  linear 
birefringence  is  to  change  the  slope  of  the 
transfer  function  (obtained  by  a  linear  fit). 
The  most  efficient  compensation  is  obtained 

by  deducing  the  mean  value  of  5  from  the 
measurements  of  Ii  and  I2  and  by  making  the 
suitable  correction  of  the  slope  of  the  transfer 
function. 


Fig.4 


Conclusion  : 

A  new  design  of  a  stabilized  q)tical  fiber  current  sensor  using  a  Sagnac  interfa-cane^er  has 
been  built  and  tested  with  different  values  of  linear  birefringence  in  the  sensing  Hber  The  main 
characteristics  of  this  design  are :  Hrst  it  compensates  all  the  effects  nxxlifying  the  intensity  of 
the  interfering  beams  such  as  source  variations,  losses  or  nuxie  coupling.  Secondly  the  whole 
sensor  except  the  sensi'' j  f.ber  is  built  in  a  polarization  preserving  technology  in  order  to 
minimize  the  influence  of  external  perturbations,  to  avoid  polarization  problems  when  the  light 
is  divided  or  recombi*  ed  by  the  couplers  and  to  be  compatible  with  LiNbOs  integrated  optic 
technology.  A  particular  attention  is  given  to  die  signal  processing.  A  phase  modulation  using  a 
LiNbOa  guided-wave  modulator  is  performed  in  order  to  have  the  output  signal  at  the 
quadrature  point.  A  double  amplitude  modulation  is  also  performed  in  order  to  solve  the 
problem  of  high  Fresnel  retro-reflections  at  the  interfaces  between  the  silica  Hber  and  the 
LiNb03  and  to  guarantee  a  quasi-reciprocity  even  in  the  conqiensation  procedure. 
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A  vector  magnetometer  is  typically  configured  as  a  three-axis  device  to  measure  the  field 
along  three  orthogonal  directions.  Magnetostrictive  fiber  optic  magnetometers  [1]  operate 
as  a  vector  device,  sensing  the  component  of  magnetic  field  along  a  particular  direction. 
Previously  we  demonstrated  a  low  resolution  (10'^  Gauss/VHz)  three-axis  magnetometer 
for  heading  sensor  applications  [2].  In  this  work,  we  designed  and  tested  a  three-  axis 
fiber-optic  magnetic  sensor  with  a  resolution  of  10"^  Gauss/VHz  below  1  Hz.  An 
important  application  of  this  device  is  the  remote  sensing  of  ambient  low-ffequency 
magnetic  noise.  We  present  the  low-frequency  resolution  and  demonstrate  the  low  cross¬ 
talk  and  high  directionality  of  such  a  device,  as  well  as  its  temperature  stability  between 
0®  and  55®  C. 

The  device  consists  of  three  magnetostrictive  transducers  bonded  onto  a  single  fiber 
Mach-Zehnder  interferometer  operating  singlemode  at  1.3  mm,  as  seen  in  figure  1.  Each 
compact  transducer  comprises  two  transversely  annealed  strips  (5  cm  x  5  mm  x  25  mm) 
of  Metglas  2605  S2,  each  bonded  to  20  passes  (Im)  of  fiber  and  mounted  on  a  beam 
with  fixed  boundaries.  The  transducers  are  each  inserted  into  a  solenoid  (to  provide  the 
dither  magnetic  field  h  coscot),  and  finally  positioned  in  three  orthogonal,  planar  slots 
(x,y,z)  in  a  Delrin  block. 

The  frequency  response  of  the  transducers  normalized  to  the  magnetic  dither  field  h 
shows  a  broad  resonance  with  peaks  near  32  kHz  and  48  kHz.  The  magnetostriction 
coupling  parameter  at  resonance  (48  kHz)  for  the  three  transducers  varies  between  2  and 
4  X  10'®  Gauss'^  (see  figure  5  and  discussion  below). 
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The  cross-talk  between  transducers  was  measured  by  splicing  only  the  center  (y) 
transducer  into  the  fiber  interferometer  and  measuring  the  strain  while  all  transducers 
were  dithered  at  their  respective  frequencies  with  magnetic  fields  of  same  amplitude.  The 
dither  frequencies  were  chosen  to  lie  off  resonance,  offering  higher  stability  at  the 
expense  of  somewhat  decreased  responsivity.  The  cross-talk ,  defined  as  the  ratio  of  the 
strain  at  the  orthogonal  frequency  (x  or  z)  to  the  strain  at  the  center  frequency  (y),  is  less 
than  -80  dB,  as  calculated  from  figure  2.  This  value  is  acceptable  for  high  resolution 
vector  magnetometers.  Sidebands  of  the  y  carrier  correspond  topower  lines  and 
harmonics. 

The  directionality  of  the  transducers  was  obtained  by  splicing  all  three  transducers  into 
the  single  interferometer  and  placing  the  sensor  at  the  center  of  a  three-axis  test  coil. 
Low  frequency  test  signals  were  applied  on  each  test  coil  axis.  The  antenna  pattern  of 
transducer  y,  obtained  by  rotating  the  sensor  inside  the  test  coil,  is  shown  in  figure  3, 
where  the  dashed  line  shows  the  expected  cosine/sine  response  to  a  longitudinal  / 
transverse  field.  The  directionality,  defined  as  the  ratio  of  the  transverse  to  the 
longitudinal  field  response,  for  equal  strength  fields,  is  in  the  range  -90  to  -100  dB  as 
calculated  from  figure  4,  indicating  the  excellent  intrinsic  directionality  of  the 
transducers. 

The  resolution  was  measured  by  phase  sensitive  detection  with  the  sensor  inside  a 
mumetal  shield  and  operatiim  in  a  magnetic  closed  loop.  We  obtained  a  minimum 
detectable  field  of  «  3  x  10'”  Gauss/VHz  at  0.5  Hz,  corresponding  to  a  phase  shift  ®  1 
|irad/VHz.The  phase  resolution  of  the  interferometer  was  =  0.3  prad/VHz  in  the  range  of 
dither  frequencies.  The  limiting  “1/f  ’  noise  results  from  a  combination  of  upconverted 
low-frequency  intensity  noise  and  current  drift  in  the  feedback  coil  drivers. 

Preliminary  tests  of  the  temperature  dependence  of  the  magnetometer  were  performed. 
The  sensor  was  inserted  into  an  environmental  chamber  [3]  and  cycled  between  55°  C, 
and  0°  C.  The  normalized  frequency  response  of  the  y  transducer  shown  at  0°,  25°,  and 
55°C  in  figure  5,  exhibits  no  significant  change  with  temperature. 

In  conclusion,  we  have  described  the  design  of  a  three-axis  fiber  magnetometer 
demonstrating  low  cross-talk  (<  -  80  dB),  high  directionality  (<  -  90  dB),  and  resolution 
of  3  X  10‘^Gauss/VHz  at  0.5  Hz. 
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Figure  1-  Schematic  of  the  dual-strip  transducer  configuration  and  the 
magnetometer  system. 
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Figure  4-  Directionality  of  the  y  transducer.  Carrier  is 

80  mG  rms  @  10  kHz,  test  fields  are  1  mG  rms  (S)  18  Hz  Figure  5-  Normalized  frequency  response 

(longitudinal),  and  2.3  G  rms  @  41  Hz  (transverse).  of  y  transducer  at  0°C,  25°C,  55^0. 
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Biconically  tapered  single^-mode  fibers  have  been  used  for  a 
number  of  applications  that  involve  sensors.  These  applications 
have  been  based  on  the  sensitivity  of  the  optical  throughput  of 
the  stretched  fiber  to  any  change  in  the  stretched  (tapered) 
region.  Most  of  the  applications  arise  from  having  the  stretched 
region  surrounded  by  a  material  whose  characteristics  can  be 
altered  by  an  external  disturbance.  Recently,  the  authors  have 
shown  that  the  optical  throughput  of  the  stretched  region  (the 
waist)  is  extremely  sensitive  to  bending. 

The  fibers  used  in  these  experiments  were  made  by  Lightwave 
Technologies,  Inc.  These  single-mode  fibers  (F1506-C)  have  a 
4.2-A(m-diameter  core,  a  125~tm  outer  diameter,  a  core  index  of 
1.462,  and  a  cladding  index  of  1.458.  The  fibers  in  our  studies 
were  heated  by  gas  flame,  electrical  discharge,  and  by  a 
resistively  heated  furnace.  The  single-mode  fiber  used  in  this 
study  was  stretched  by  heating  in  a  1-cm-wide  U-shaped  platinum 
ribbon  furnace  that  was  closely  coupled  to  the  fiber.  A  tension 
of  5-10  g  was  applied  to  one  end  of  the  fiber  while  the  other  end 
was  fixed.  Elongation  occurred  when  the  fiber  softened.  The 
amount  of  elongation  was  monitored,  and,  when  the  overall  length 
of  the  fiber  had  increased  by  1.5  cm,  the  temperature  was  reduced 
and  the  stretching  process  was  halted.  During  this  procedure  the 
fiber  was  excited  by  a  He-Ne  laser  source  (0.6328  nn) .  The 
optical  throughput  was  monitored  during  the  stretching  process. 
The  power  received  varied  by  -  20%  over  5  or  6  cycles  as  the 
fiber  was  elongated.  Such  oscillatory  behavior  of  the  optical 
power  as  a  function  of  the  taper  length  has  been  reported 
previously  and  is  consistent  with  our  theoretical  results. 

The  above  stretching  process  yields  a  biconically  tapered 
region  with  a  waist  diameter  of  20  foa  and  a  length  of 
approximately  2.5  mm.  Some  asymmetry  in  the  increasing  and 
decreasing  tapers  was  noted.  This  is  a  result  of  the  stretching 
procedure  employed,  in  which  the  fiber  was  kept  fixed  at  one  end 
while  the  other  end  was  being  subjected  to  tension.  Several 
experiments  were  performed  in  which  tension  was  applied  to  both 
ends  of  the  optical  fiber,  and  symmetrical  tapers  were 
fabricated.  However,  the  behavior  of  these  fibers  subjected  to 
the  bending  was  nearly  the  same  as  that  of  the  asymmetrically 
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tapered  fiber.  Once  the  desired  taper  was  realized,  the  fiber 
was  removed  from  the  U-shaped  platinum  ribbon  furnace  and  placed 
into  a  bending  fixture  in  which  the  tapered  fiber  was  brought 
into  contact  with  two  fixed  glass  rods  and  the  fiber  waist  was 
centered  at  a  micrometer  driven  capillary  tube.  A  piezoelectric 
element  (PZT)  was  used  for  inducing  very  small  displacements  in 
the  fiber  waist.  Large  displacements  were  provided  by  the 
micrometer  driven  capillary  tube.  The  bending  angle  was 
calculated  by  measuring  the  displacement.  The  optical  power 
transmitted  through  the  core  of  the  fiber  was  measured.  The 
relative  optical  power  in  the  cladding  was  measured  at  a  mode 
stripper.  The  results  of  this  measurement  are  shown  in  Fig.  1 
along  with  the  theoretical  results.  The  optical  throughput 
(theoretical)  was  calculated  for  the  tapered  fiber  profile  used 
in  this  experiment.  In  the  model,  the  lengths  of  the  contracting 
and  expanding  tapers  were  assumed  to  be  different;  and,  the 
tapers  were  considered  to  be  linear.  The  tapered  region  was 
modeled  using  a  stepwise  linear  approximation.  The  total  number 
of  steps  used  in  the  calculation  was  80,  with  40  steps  each  in 
the  contracting  and  expanding  region  of  the  taper,  described  by 
V(po^e(z)  number  of  minibends  used  was  20  and  the 

minibends  were  distributed  in  the  region  within  Vcore(z)  ^ 

There  were  eight  minibends  in  the  waist  region  and  six  each  on 
the  expanding  and  contracting  regions  of  the  tapers.  Seven 
modes,  HEn,  HEi2/  EHn,  HE21,  EH21/  TMqi/  and  TMo2»  were  used  in 
the  calculation.  The  optical  power  in  the  core  goes  through  a 
series  of  maxima  showing  strong  oscillations.  When  the  power  in 
the  core  is  a  minimum,  the  power  in  the  cladding  is  a  maximum. 
This  shows  that  most  of  the  power  is  exchanged  and  not  radiated. 
For  small  angles,  there  is  good  correlation  between  theory  and 
experiment. 

From  Fig.  1  it  can  be  observed  that  the  maximum  sensitivity 
to  displacement  (bend)  occurs  near  2**.  For  measurements  taken 
near  the  mechanical  resonance  of  the  fiber,  displacements  as 
small  as  0.015  nm  were  detectable.  For  the  magnetometer 
measurements,  the  fiber  was  bent  to  the  maximum  sensitivity 
position  after  the  Metglas  sphere  was  fixed  to  the  waist. 

The  experimental  arrangement  for  measuring  magnetization  is 
shown  schematically  in  Fig.  2.  The  biconically  tapered  single¬ 
mode  optical  fiber  was  centered  between  the  poles  of  a  high  field 
electromagnet.  The  25-/im-diameter  ferromagnetic  sphere  was 
amorphous  Fe7^5  0057,5  Sii5  with  a  saturation  moment  of 
3.7xl0“°emu.  The  light  source  was  a  He-Ne  laser  and  the  detector 
was  a  silicon  diode.  The  detector  output  was  fed  into  a  lock-in 
amplifier  tuned  to  the  optical  fiber  resonance  frequency  of 
1.378  kHz.  The  gradient  coil  was  driven  at  this  same  frequency. 
The  gradient  field  at  the  sample  was  approximately  20  Oe/cm.  The 
force  on  the  ferromagnetic  sphere  along  the  x-direction  from  the 
interaction  of  the  gradient  field  (dh^/dx)  and  the  magnetic 
moment  (m^)  is 


Fx  =  nix  dhx/dx. 
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where  nix  depends  on  the  applied  dc  field  The  gradient  coil 

was  rigidly  attached  to  the  pole  face  to  avoid  coil  motion  and 
the  associated  noise. 


A  plot  of  the  optical  power  output  at  1.378  kHz  from  the 
biconically  tapered  single-mode  optical  fiber  vs.  dc  magnetic 
field  is  shown  in  Fig.  3.  The  ac  modulation  signal  arises  from 
the  displacement  of  the  fiber  waist  at  the  1.378  kHz  frequency. 
For  these  small  displacements  the  output  is  linear.  A 
calculation  of  the  response  of  the  system  as  a  function  of  the 
force  on  the  fiber  waist  has  not  been  done  to  date;  however,  the 
measured  response  appears  to  be  linear.  Therefore,  the  plot  in 
Fig.  3  also  represents  the  magnetization  of  the  ferromagnetic 
sphere  as  a  function  of  dc  magnetic  field.  Measurements  were 
made  on  the  same  sphere  at  a  signal-to-noise  ratio  of  several 
hundred;  this  corresponds  to  a  sensitivity  of  at  least 
2xl0~°emu.  This  technique  is  about  1000  times  more  sensitive 
than  a  conventional  vibrating  sample  magnetometer  and  it  is 
comparable  to  a  recently  developed  piezoelectric  technique.^ 
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Fig.  1.  The  relative  power  in  the  core  (Pcore)  cladding 

(Pciad)  plotted  as  a  function  of  the  bend  angle.  The 

dashed  curve  is  experimentally  derived  and  the  solid  is 
theoretically  derived. 
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f.  2.  The  optical  fiber  alternating-gradient  magnetometer 
is  shown  schematically. 


f.  3.  The  magnetization  curve  of  the  25-jL(m-diameter 
amorphous  Fe7.5COfi7^5Si]^5Bio  sphere  with  a  saturation 
moment  of  3.7xl0”®emu  is  displayed. 
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Fiber  optic  AC  magnetic  field  sensors  have  been  reported  utilizing  the  Faraday  effect  [1], 
the  magnetostrictive  effect  [2]  and  the  Lorentz  force  effect  [3].  In  general,  these  sensors  have  ex¬ 
hibited  either  large  bandwidth  and  low  resolution  or  medium-to-high  resolution  but  with  strong 
in-band  variations  in  the  frequency  response.  In  some  cases  active  elements  were  required  in  the 
transducer  either  for  magnetic  biasing  or  for  interferometer  stabilization.  In  this  paper  we 
describe  a  magnetostrictive  sensor  for  the  measurement  of  AC  magnetic  fields.  The  transducer  is 
totally  passive  in  nature,  shows  flat  (±  3  dB)  response  over  the  frequency  range  1  kHz  -  45  kHz, 
and  exhibits  resolution  of  1.8  x  10'^  G/VHz  over  the  entire  firequency  range. 

The  magnetostriction  of  metallic  glasses,  e,  for  small  fields  is  given  by  e=C^^^  [4]  where 
H  is  the  total  applied  magnetic  field  and  C^is  a  material  parameter.  If  a  DC  magnetic  field,  H^, 
is  applied  to  a  sensor  made  of  magnetostrictive  glass  via  a  permanent  magnet,  the  applied  field 
becomes  H^H^  +  H^  where  H^  is  the  AC  field  of  interest  at  some  frequency  ex  Substituting 
this  for  H,  the  magnetostricticHi  becomes 

+  (1) 

A  fibo*  optic  interferometric  sensor  constructed  of  magnetostrictive  material  would  have  a  phase 
shift  at  the  firequency  (o  of  <(>^=2/aCH^H^  where  /  is  the  length  of  fiber  wound  on  the  sensor, 
a  =2}tn(0.78)/A,  n  is  the  optical  index  of  the  fiber  and  X  is  the  optical  wavelength.  This  phase 
shift  is  the  signal  of  interest. 

The  phase  shift  induced  at  DC  is  irrelevant  in  an  AC  interferometric  sensor  system;  howev¬ 
er,  the  signal  at  2ct)  will  cause  harmonic  distortion  with  a  level  of 

H.D.  =  20  log[H^2/2H^H  J  =  20  log[H  jmj.  (2) 
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Thus,  for  a  harmonic  distortion  of  -60  dB,  the  largest  AC  field  which  can  be  measured  must  be 
below  0.2%  that  of  the  DC  “bias”  field.  For  a  bias  field  of  10  Gauss,  this  corresponds  to  a  signal 
of  20  milli-Gauss. 

In  order  to  achieve  remote  operation,  one  of  several  interferometric  phase  retrieval  tech¬ 
niques  must  be  employed.  These  include,  but  are  not  limited  to  Phase  Generated  Carrier  [5], 
and  active  homodyne  feedback  to  source  wavelength  [6]. 

The  sensors  were  fabricated  from  unannealed  Allied  Metglas  2605  S2  (Fe^gBj3Si9)  strips  25 
mm  wide  and  25  pm  thick.  These  were  wound  into  cylinders  12  mm  in  diameter.  The  cylinders 
were  tension  wound  with  80  pm  diameter  payout  fiber  which  covered  90%  of  the  cylinder’s 
length  with  a  single  layer.  A  permanent  magnet  3  mm  square  by  30  mm  long  was  mounted 
such  that  it  was  coaxial  to  the  sensor.  Two  sensors  were  made  and  tested. 

Figure  1  shows  the  experimental  set-up  used  to  characterize  the  sensors.  Light  from  a 
Nd:YAG  laser  was  launched  into  one  arm  of  a  50/50  fiber  optic  coupler.  This  coupler  split  the 
light  into  two  legs  of  a  path-length  mismatched  Mach  Zehnder  (MZ);  one  leg  contained  the  sen¬ 
sor  to  be  tested,  the  other  made  up  the  reference  leg.  The  two  legs  were  combined  in  a  second 
coupler  and  the  interferometer  outputs  were  fused  to  pigtailed  InGaAs  photodetectors.  The  pho¬ 
todiode  outputs  were  differentially  amplified  and  sent  to  an  active  homodyne  demodulator  whose 
output  was  fed  to  the  laser  to  control  its  wavelength  and  thus  hold  the  interferometer  in 
quadrature.  A  solenoid  45  mm  in  diameter  by  100  mm  long  with  250  turns  was  used  to  create 
the  AC  test  magnetic  fields.  The  sensor  was  positioned  approximately  in  the  center  of  the 
solenoid. 

The  value  was  measured  by  combining  a  low  frequency  field  (10  Hz  )  with  a  high 
frequency  field  (  16  kHz ).  Thus,  from  equation  (1) ,  there  will  be  optical  signals  at  16  kHz 
with  side  bands  of  10  Hz  having  a  value  proportional  to  the  product  of  the  amplitudes  of  the  two 
magnetic  fields 

(3) 

The  sensor  was  wound  with  7  meters  of  fiber  having  an  index  of  1.458  and  the  laser  output  was 
at  1.3  pm,  giving  a  value  for  a  =5.5xl0^/m.  A  known  phase  shift  was  created  at  16.040  kHz 
and  the  side  band  response  scaled  from  this.  The  magnetically  induced  phase  shift  was  8.2x10*^ 
radians  for  field  levels  of  17.3  milli-Gauss  (f2)  and  97  milli-Gauss  (m),  thus  C^1.27xl0‘*/G^  . 

The  response  of  the  sensor  to  DC  bias  field  levels  was  measured.  Figure  2  shows  the  induced 
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phase  shift  for  an  applied  field  at  16  kHz  as  a  function  of  applied  DC  field.  The  sensor  exhibits 
near  flat  response  between  approximately  IS  and  30  Gauss.  This  implies  that  if  the  sensOT  is  bi¬ 
ased  between  uicse  limits,  it  will  have  an  AC  response  scale  factor  virtually  independent  of  its 
orientation  in  Earth’s  field.  The  figure  also  shows  the  response  of  the  sensor  with  the  permanent 
magnet  in  place.  The  zero  applied  DC  Held  shows  the  magnet  to  be  biasing  the  sensor  into  this 
region  of  high  AC  field  sensitivity  and  low  DC  field  susceptibility. 

Figure  3  shows  the  firequency  response  and  the  corresponding  noise  floor  of  the  magnetic 
sensOT  system.  This  signal-to-noise  ratio  gives  a  minimum  detectable  of  1.8  x  10'^  G/VHz  .  The 
antenna  pattern  of  the  sensor  is  shown  in  Figure  4.  The  isolation  for  fields  perpendicular  to  the 
sensitive  axis  was  48  dB  down.  It  is  believed  that  a  more  meticulous  alignment  of  the  permanent 
magnet  to  the  sensor  could  improve  this  null. 

We  have  reported  on  a  fiber  opdc  AC  magnetometer  which  has  been  operated  in  a  remote 
fashion.  It  is  shown  to  have  a  minimum  detectable  signal  of  1.8  x  10*^  gHHz  and  to  have  flat 
real-time  req)onse  to  4S  kHz.  The  transducer  is  made  from  unannealed  Allied  Metglas  2602  S2 
and  requires  no  active  components.  The  sensor  is  light  weight  and  can  be  packaged  with  a  small 
form  factor. 
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F4.4 


A  Fiber  Optic  DC  And  Low  Frequency  Eiectric  Fieid  Sensor 


S.T.  Vohra,  F.  Bucholtz  and  A  Kersey 
Naval  Research  Laboratory 
Optical  Science  Division,  Code  6570 
Washington,  D.C.  20375 

Abstract 

We  demonstrate  a  novel  ftber-optic  interferometric  dc  and  low  frequency  electric  field  sen¬ 
sor  based  on  the  electrostrictive  effect  in  a  Ba:PZT  transducer.  The  sensor  exhibits  a  minimum 
detectable  electric  field  of  0.01  V/m/>/Hz  at  1  Hz  using  9  cm  of  fiber. 

1.  Introductitm : 

Fiber  optic  (FO)  interferometric  electric  field  sensors  reported  so  far  have  utilized  piezoelec¬ 
tric  materials  (e.g.  PVF2)  in  the  transducing  element  [1].  The  primary  disadvantage  of  using  a  pi¬ 
ezoelectric  linear  transducer  in  an  fiber-optic  electric  field  sensor  is  that  the  noise  spectrum  gen¬ 
erally  exhibits  1/f  dependence  which  severely  limits  dc  and  low  frequency  resolution.  Reported 
values  for  the  minimum  detectable  field  for  a  FO  electric  field  sensor  using  a  PVFj  sensing 
element  and  60  cm  of  fiber  are  in  the  range  of  80-90  V/m/VHz  at  10  Hz  [1].  We  report  a  novel 
low  frequency  FO  electric  field  sensor  which  utilizes  a  nonlinear  transducing  element  containing 
an  electrostricitive  ceramic,  Ba:PZT,  to  attain  electric  field  resolution  of  0.01  V/m/VHz  and  a 
voltage  resolution  of  10  p.V/VHz  at  1  Hz  for  9  cm  of  fiber. 

Nonlinear  transducers  overcome  the  1/f  noise  problem  by  mixing  the  signal  at  frequency  £2 
with  a  carrier  or  “dither”  at  a  much  higher  frequency  (D,  thereby  upconverting  the  information  of 
interest  to  a  frequency  region  (axtH)  where  1/f  noise  is  not  significant.  Nonlinear  transducing 
elements  such  as  Metglas  2605S-2  magnetostrictive  alloys  have  been  succesfully  utilized  in  FO 
interferometers  to  detect  low  frequency  magnetic  signals,  attaining  resolution  of  10  pT/'^Hz  at  1 
Hz  [2].  The  induced  strain  in  such  materials  is  quadratically  related  to  the  applied  field.  An  elec¬ 
trostrictive  ceramic  is  a  second  example  of  a  nonlinear  transducer  in  which  the  induced  strain  e 
depends  nonlinearly  on  the  applied  electric  field  E,  e  =  ME  ,  where  M  is  the  electrostrictive  co¬ 
efficient  [3]. 

Although  the  electrostrictive  effect  occurs  in  a  variety  of  materials  it  is  usually  too  small 
(M  ^  10'^®  m^/V^)  to  be  useful  in  sensors.  However,  in  certain  materials  (e.g.  Ba:PZT,  PLZT, 
PbMnNbOj  etc.)  the  effect  is  large  enough  (M  ^  10**®  m^/V^)  to  render  useful  devices  such  as 
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actuators,  relays  etc.  [3,4].  We  exploit  the  nonlinear  transducing  properties  of  the  electrostric- 
tive  material  [(PbQ  73BaQ  27)0  976^0  02^^0  7^*^  (“Ba:PZT’),  to  measure  dc  and  low  fre¬ 

quency  electric  fields  with  a  FO  interferometer.  The  electric  field  resolution  of  the  FO  sensor 
reported  here  displays  a  30  dB  improvement  over  previously  reported  results  [5]. 

2.  Experiment : 

The  FO  electric  field  sensor  comprised  a  3  cm  x  0.75  cm  x  1  mm  electrostrictive  ceramic 
(Ba;PZT)  bonded  to  a  9  cm  section  of  fiber  in  3  fiber  passes  in  one  arm  of  a  Mach-Zehnder 
fiber-optic  interferometer.  A  300  A  gold  film  on  each  facet  of  the  ceramic  allowed  for  electrical 
contacts.  The  phase  shift  of  light  propagating  in  the  fiber  attached  to  the  ceramic  plate  is  a  direct 
measure  of  the  electric  field  generated  strain.  A  schematic  of  the  experimental  setup  is  shown  in 
Fig.  1 

An  electrostrictive  ceramic  excited  by  an  E-field  given  by  Ej^costot  +  EqCosQi  , 

where  E^  is  amplitude  of  the  carrier  ,  E^  is  amplitude  of  the  low  frequency  field  and  E^^  is  the 
dc  bias,  produces  strains  (using  e  =  ME  ), 

e^=  (2ME^Ej^cos<Dt  (1&) 

®(o±Q=  MEco^QCos((fl±Q)t  (lb) 

along  with  strains  e^j^,  e^  and  higher  harmonics.  The  amplitude  of  the  optical  phase  shift  due  to 
the  strain  component  is  given  by 

<t)^.KMLE„EQ  (2) 

where  L  is  the  length  of  the  fiber  interacting  with  the  electrostrictive  element,  M  is  the 
electrostrictive  parameter  and  K  =  (27m/X,)^  where  X,  n  and  ^  are  the  ftee  space  wavelength,  core 
refractive  index  and  strain-optic  factor,  respectively.  DC  electric  fields  are  measured  by  monitor¬ 
ing  the  phase  shift  at  the  fundamental  (co) : 

<|)„  =  2KMLE„Ej,  (3) 


3.  Results : 

The  power  spectrum  of  the  ouqiut  near  <o/2jt  =  9.5  kHz  is  shown  in  Fig.  2.  A  1  Hz  signal 
added  to  the  drive  appears  as  expected  (eq.  lb)  as  the  sidebands  of  co.  Figure  2  shows  the  spec¬ 
trum  for  E^  =  20  kV/m  and  =  10  V/m,  corresponding  to  applied  voltages  =  20  V  and  Vq 
=  0.01  V.  The  measured  M  value  was  4  x  10'*^  m^A^^  which  agrees  well  with  the  values  report¬ 
ed  in  the  literature  [3].  The  signal-to-noise  ratio  of  the  sideband  signal  was  60  dB  (BW  =  1  Hz), 
corresponding  to  a  minimum  detectable  field  of  0.01  V/m/VHz  .  This  result  shows  an  improve¬ 
ment  in  resolution  of  greater  than  30  dB  over  previously  reported  results  [5].  The  corresponding 
voltage  resolution  of  the  sensor  reported  here  is  10  iiV/VHz  at  1  Hz.  Large  strain  at  2(0  limits  the 
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signal-to-noise  ratio  of  the  sidebands  imposed  by  the  80dB  dynamic  range  of  the  spectrum  ana¬ 
lyzer.  The  minimum  detectable  field  at  1  Hz  for  a  FO  E-field  sensor  utilizing  a  nonlinear  trans¬ 
ducer  (Ba:PZT)  is  several  orders  of  magnitude  better  than  for  a  device  using  a  linear  transducer 
(90V/m/VH[zatl0Hz[l]). 

A  simple  calculation  (from  eq.  lb  and  eq.  2)  predicts  that  for  a  phase  noise  limited  sensor 
(4>jjoise  =  ^  Hxad/^Hz)  with  10  m  of  fiber  attached  to  a  electrostrictive  ceramic  it  should  be 
possible  to  achieve  a  minimum  detectable  field  of  <  10  ^V/m/VHz.  The  calculation  assumes  a 
dither  of  100  volts  on  a  1(X)  p.m  thick  electrostrictive  plate  and  a  electrostrictive  coefficient  M  = 
10'^^  m^/V^ .  Hie  predicted  low  frequency  voltage  resolution  is  ^  1  nV/VHz. 

Finally,  the  dc  freld  sensing  capability  of  the  electrostrictor  was  measured.  From  eq.  (la)  and 
eq.  (3)  it  is  clear  that  for  a  fixed  dither  field  the  strain  at  co  is  linearly  dependent  on  the  dc  field. 
Fig.  3  shows  the  dependence  of  the  strain  component  e^  on  the  dc  field  for  a  fixed  dither  ampli¬ 
tude  =  20  kV/m  at  to/27C  =  9.5  kHz.  The  linearity  of  the  strain  component  e^  as  a  function  of 
dc  E-field  depicted  in  Fig.  3  demonstrates  the  ability  of  the  device  to  function  as  a  dc  field  sen¬ 
sor. 

4.  Conclusions: 

In  conclusion,  we  have  demonstrated  a  fiber  optic  dc  and  low  frequency  electric  field  sensor 
based  on  the  electrostrictive  effect.  The  electrostrictive  nonlinear  transducer  (BarPZT)  allows  de¬ 
tection  of  low  frequency  signals  as  sidebands  of  a  high  frequency  carrier  thereby  avoiding  the  1/f 
noise  problem  limiting  low  frequency  resolution  in  FO  E-field  sensors  based  on  the  piezoelectric 
effect.  Preliminary  characterization  of  the  device  has  yielded  a  minimum  detectable  field  of  0.01 
V/m/VHz  at  1  Hz  for  9  cm  fiber  which  is  two  orders  of  magnitude  better  than  for  FO  sensor 
based  on  piezoelectric  materials.  The  projected  low  frequency  electric  field  and  voltage  resolu¬ 
tion  are  ^  10  p,V/m/VHz  and  ^  1  nV/VHz,  respectively. 

We  are  greatly  indebted  to  J.  Kyonka  for  suj^lying  the  electrostrictive  ceramics.  We  ac¬ 
knowledge  the  Office  of  Naval  Research  for  partial  financial  support 
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A  schematic  of  the  fiber-optic  interferometer  used  for  measuring 
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Fig.  3  Dependence  of  e^^  on  applied  dc  field  for  E^^ «  20  kV/m. 
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F4.5  A  New  Scheme  Of  Fiber  Optic  Light  Sensor  For  Detection  Of 
Corona  Discharges  In  Gas  Insulated  Power  Apparatus 

K. Kurosawa  and  W.Watanabe 

Tokyo  Electric  I'ower  Company,  Engineering  Kesearcli  Center 
2-4-1  Nishi-Tsutsuj igaoka  CholTi  shi  Tokyo  182.  Japan 


A  sensitive  scheme  has  been  proposed  and  demonstrated  for  detection  of 
weak  corona  discharge  light  in  gas  insulated  power  apparatus.  The  sensor  is 
fabricated  with  a  fluorescent  plastic  fiber  and  a  light  concentrator. 


1 . Introduction 

When  there  is  a  small  region  of  high  electric  field  in  electric  power 
apparatus  insulated  by  the  SFg  gas(GIS),  weak  corona  discharge  occurs  at  the 
point.  If  the  phenomenon  is  permit  to  stand,  the  insulation  may  will  break 
down.  Therefore  it  is  necessary  to  monitor  the  discharge.  Presently,  devices 
to  detect  currents  or  voltages  or  acoustic  waves  generated  by  the  discharge 
are  used  for  the  monitoring(l) .  However  it  is  a  serious  problem  for  theem  to 
eliminate  influences  of  external  severe  electrical  or  acoustical  noises. 

On  the  other  side,  a  method  to  detect  the  light  radiated  from  the 
discharge  point  has  been  studied(2,3,4) ,  using  an  optical  fiber  containing 
fluorescent  materials,  inserted  in  the  GIS.  The  principle  of  it  is  that  the 
incident  light  to  the  side  of  the  fiber  is  converted  into  fluorescence  in  it. 
This  method  has  following  advantages. 

*No  influences  of  electrical  or  acoustical  noises 

*No  background  light  noise  because  of  darkness  in  the  GIS 

*Light  from  any  direction  to  the  sensor  can  be  detected. 

*The  discharge  light  can  be  transformed  into  longer  wavelength  light  whose 
loss  in  optical  fiber  is  lower. 

A  problem  of  this  method  is  that  the  radiated  discharge  light  hardly  be 
concentrated  effectively  in  the  fiber  because  the  cross-sectional  area  for 
detection  is  restricted  by  the  diameter  of  it. 

The  authors  have  studied  a  method  using  fluorescent  plastic  fiber  made 
from  polycarbonate(PC) (4) .  The  PC  fiber  was  chosen  for  following  reasons. 
*Effective  concentration  of  light  is  possible  with  a  thick  or  special  shape 
fiber . 

*The  material  has  high  heat  resistant  property  .within  plastic. 

In  this  paper  we  propose  a  sensitive  scheme  in  which  a  fluorescent  fiber  is 
combined  with  plates  for  the  concentration  of  light. 

2 . Principle 

Fig.l  shows  the  structure  of  primitive  fluorescent  fiber.  When  light  is 
incident  to  the  core,  the  fluorescent  substance  absorbs  the  light,  then  emits 
fluorescece  of  longer  wavelength  isotropically.  Component  of  the  fluorescece 
satisfiing  the  total  reflection  condition  is  guided  along  the  fiber.  The  light 
is,  then,  transmitted  to  a  photo-detector  with  a  normal  fiber. 

To  obtain  higher  sensitivity,  a  method  has  been  studied  by  the  authors, 
using  a  PC  fiber  doped  with  two  different  fluorescent  substances  F  and  F  .  In 
the  method,  firstly,  the  short  wavelength  incident  corona  dischargf  light ’'(as 
described  later)  of  the  fiber  is  converted  into  fluorescence  by  F  whose 
absorption  band  agrees  with  the  spectrum  of  the  discharge  light,  fhen  the 
fluorescence  is  transformed  into  light  of  still  longer  wavelength  by  F  whose 
absorption  band  agrees  with  the  spectrum  of  the  light  emitted  by  F  . 

Wavelength  of  the  emitted  light  of  is  about  650nm,  and  is  in  thi  lowest 
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loss  band  of  the  fiber. 

Fig. 2  shows  the  new  scheme  proposed  here.  The  concentrator  is  made  of 
plastic  plates  doped  with  the  fluorescent  substance  F  .  The  fluorescent  fiber 
is  doped  with  both  F  and  F  .  The  incident  corona  discharge  light  to  the 
concentrator  is  tranlformed  into  fluorescence.  Component  of  the  fluorescence 
radiated  in  the  region  of  direction  satisfies  the  condition  of  total 
reflection  is  guided  in  the  plate,  and  is  emitted  from  the  side  of  it.  Both 
the  light  emitted  from  the  concentrator  and  light  from  the  discharge  point 
illuminate  the  fluorescent  fiber.  The  incident  light  to  the  fiber  is,  finally, 
converted  into  light  whose  wavelength  is  about  650nm  by  F  .  Then  a  part  of  the 
light  is  guided  along  the  fiber.  By  this  combination  of  tKe  concentrator  of 
wide  cross-sectional  area  and  the  fluorescent  fiber,  the  radiated  weak 
discharge  light  is  expected  to  be  detected  sensitively. 

To  evaluate  the  critical  sensitivity  of  the  proposed  scheme,  the  output 
light  power  was  compared  theoretically  with  that  of  the  another  scheme  using 
only  the  fiber  containing  two  kinds  of  fluorescent  substances.  Following 
assumtions  were  set  for  the  evaluation. 

*The  corona  discharge  light  illuminates  the  sensors  uniformly. 

*Area  of  rhe  concentrator  and  length  of  the  fibers  are  infinite. 

*Light  emitted  by  a  fluorescent  substance  is  not  absorbed  by  the  same  kind  of 
substance  again. 

In  each  case,  output  power  from  the  fluorescent  fiber  can  be  caluculated  by 
integration  of  the  fluorescence  generated  along  the  fiber  and  guided  to  the 
end.  The  output  power  from  the  side  of  concentrator  per  unit  length  can  be 
caluculated  by  integrating  the  guided  fluorescence  to  the  side  from  each 
points  of  the  plate.  The  effectiveness  of  the  concentrator  can  be  evaluated  by 
the  ratio  of  the  output  powers.  From  the  above  consideration  the  ratio  can  be 
expressed  as  follows. 


P2/Pj.1.(2A^AcjBc^T^)/(  ) 


Where,  .'output  power  without  the  concentrator 
Pg  : output  power  in  case  of  using  the  concentrator 

.efficiency  that  the  light  illuminating  the  concentrator  enters  it. 

A  j  :efficiency  that  the  output  light  of  the  concentrator  enters  the  fiber 
.efficiency  that  the  discharge  light  illuminating  the  fiber  enters  it. 
T^  : efficiency  .that  the  fluorescence  is  trapped  in  the  concentrator 
^  (=(l-n^)  '  =0.76,  refractive  index  n=1.54) 


B  ; efficiency  that  the  incident  light  is  absorbed  by  F  in  the  concentrator 
B^^; efficiency  that  the  discharge  light  is  absorbed  by  f  in  the  fiber 
w^®: diameter  of  the  fluorescent  fiber  ® 

a  rattenuation  coefficient  of  the  fluorescence  in  concentrator(l/m) 

Asiuming  realistic  conditions  that  B  =8^  ,  A  T  =0.7,  w^=lmm,  =1.5(l/m), 
eq.(l)  is  changed  into  P2/Pj  =  l+300(A^|/A^f .  ® 


3. Experiment 

To  design  the  sensors,  spectrums  of  the  corona  discharge  light  generated 
by  DC  voltage  in  a  closed  vessel  filled  with  SFg  gas  were  measured(5).  The 
measurement  were  done  under  several  different  conditions,  changing  the  shape 
of  electrode,  polarity  and  magnitude  of  applied  voltage  and  discharge  current. 
The  results  showed  that  principal  component  of  spectrum  of  the  discharge  light 
is  in  the  region  of  wavelength  300-500nm.  Fig. 3  shows  one  of  the  measured 
spectrum  when  negative  voltage  is  applied  to  a  needle  electrode. 

Referring  the  measurement  results,  the  fluorescent  substances  F  and  F 
were  chosen  within  the  organic  material  of  perylene  dye.  Then  the  fluorescent 
PC  fiber  and  plates  for  the  concentrator  made  from  a  copolymer  of  methyl 
methacrylate  and  stylene  doped  with  the  fluorescent  materials  were  produced. 


The  absorption  band  of  F  is  in  the  region  of  480-520nin  (peak:  520njn) ,  and  the 
emmission  band  of  it  is  §20-570nm  (peak; 520nm) .  The  absorption  band  of  F  is 
500-620nm  (peak; 620nin) .  and  the  emmission  band  is  630-670nm  (peak; esOnm)^ 

For  investigating  the  effectiveness  of  the  concentrator,  the  output 
powers  of  the  both  schemes  were  measured,  illuminating  them  uniformly  with  a 
light  source  composed  with  a  xenon  lamp,  a  filter  and  a  glass  f iber(Fig. 4) . 

The  wavelength  of  the  source  is  471nm  and  the  half  width  of  the  spectrum  is 
about  lOnm  and  the  output  power  is  about  2mW.  8  pieces  of  plates  for  the 
concentration  were  set  in  touch  with  the  fiber  as  shown  in  the  figure.  The 
dimensions  of  a  plate  are  1.5mm  thickness,  100mm  length  and  54mm  width.  The 
plate  is  doped  with  F  of  6%.  The  fiber  has  a  diameter  of  1.0mm  and  is  doped 
with  F  of  0.02^  and  f  of  0.04%. 

T^e  results  showeH  that  the  output  power  from  the  fiber  was  -52.3dBm  when 
the  plates  were  not  used.  On  the  other  hand,  when  the  plates  were  attached, 
the  output  power  was  -45.8dBm,  about  4.5  times  as  much  as  that  of  the  another 
case.  The  power  increased  to  -44.0dBm  when  water  was  poured  into  the  space 
between  the  plates  and  the  fiber.  The  value  is  approximately  7  times  as  much 
as  that  of  the  case  without  using  the  plates.  The  effect  of  water  is 
considered  to  be  due  to  a  rise  of  the  efficiency  Higher  sensitivity  is 

feasible  by  improvement  of  the  efficiency  A  because  the  thickness  of  plates 
for  the  experiment  was  larger  than  the  diameter  of  the  fiber,  and  the  fiber  of 
cylindrical  shape  was  contacted  with  the  plates  of  plane  surfaces. 

To  confirm  the  effect  of  the  concentrator,  experiment  for  detecting  the 
real  corona  discharge  light  emitted  in  SF_  gas  was  done  with  the  two  different 
schemes.  The  discharge  was  generated  in  tne  same  way  as  the  measurement  of  the 
spectrum  of  discharge  light.  The  sensors  were  set  at  about  10cm  distance  from 
the  point  of  discharge.  10  pieces  of  plates  were  attached  to  one  of  the 
fibers.  The  fibers  are  doped  with  F  of  0.02%  and  F  of  0.02%  respectively. 

The  diameter  of  the  fibers  is  1.0mm?  The  output  ligfit  of  the  fluorescent 
fibers  were  guided  to  photomultipliers  with  Im  PMMA  fibers.  The  output  of 
photomultipliers  were  observed  with  a  oscilloscope.  The  synthetic  frequency 
responce  band  of  the  photo  detecting  circuit  is  about  140MHz. 

Fig. 5  shows  the  output  of  the  photomultipliers  when  the  sensors  detected 
the  corona  discharge  light  pulses.  Generally  the  corona  discharge  occurs  in 
the  state  of  short  pulsation.  Fig. 6(a)  shows  the  output  of  the  system  without 
using  the  plates,  and  (b)  shows  that  of  the  system  using  the  plates.  The  area 
between  the  output  voltage  and  the  ground  line  of  the  Fig. 6(b)  is  about  3 
times  as  extensive  as  that  of  (a) .  Because  of  the  wide  band  of  the 
photodetecting  circuit,  fluctuation  of  the  output  voltages  due  to  the 
irregularity  of  photoelectrons  is  observed.  Fig. 6(a)  and  (b)  show  the  outputs 
corresponding  different  discharge  pulses  each  other.  However  from  the  result 
of  comparing  averaged  values  of  many  areas  of  the  two  kinds  of  output  pulses, 
the  ratio  was  3.1  too.  In  this  experiment  the  plates  were  not  be  in  contact 
with  the  fiber.  So  it  is  considered  that  the  effect  of  the  plates  can  be 
enhanced  more  by  improvement  of  the  efficiency  A^^. 

4. Conclusion 

It  has  been  confirmed  that  the  sensitivity  of  the  light  sensor  for 
detection  of  corona  discharge  light  in  SFg  gas  can  be  enhanced  by  using  a  new 
scheme  in  which  plates  doped  with  fluorescent  material  were  attached  to  the 
fluorescent  optical  fiber. 
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1.  Introduction: 

In  the  power  generation  industry  it  is  important  to  measure  the  amplitude, 
frequency  and  phase  of  the  generated  currents  in  electricity  distribution 
networks.  This  measurement  is  required  for  fiscal  reasons  and  also  to  establish  if 
there  are  faults  in  the  network.  The  conventional  method  of  current 
measurement  is  based  upon  a  'current  transformer'  which  is  deployed  aroimd 
the  current  carrying  wire  commonly  termed  a  'bus  bar'.  As  the  bus  bar  is 
normally  at  very  high  potential,  for  example,  440,000  volts,  insulation  between 
the  current  transformers  secondary  and  the  permeable  core  which  surround  the 
bus  bar  must  be  extremely  high  as  the  signals  generated  by  the  current 
transformer  are  monitored  in  the  central  control  unit  of  the  power  station. 
Hence  the  current  transformer  is  both  large  and  extremely  expensive.  Although 
considerable  effort  has  been  devoted  to  the  development  of  optical  fibre  current 
sensors  based  upon  the  Faraday  effect,  the  performance  of  these  sensors  is  often 
limited  by  problems  associated  with  bend-induced  birefringence,  temperature 
and  wavelength  sensitivity  of  the  Verdet  constant  and  the  high  sensitivity  to 
vibrational  noise  [1]. 

We  have  recently  shown  that  it  is  possible  to  use  a  new  hybrid  current 
sensing  technique  [2]  to  measure  the  signal  appearing  at  the  output  of  the  current 
transformer's  secondary  and  to  simultaneously  transfer  the  information 
concerning  the  amplitude,  frequency  and  phase  of  the  current  safely  to  ground 
potential  for  subsequent  processing.  The  new  measuring  system  is  based  upon  a 
fibre  optic  interferometric  sensor  which  is  conditioned  such  that  the  current 
signal  from  the  secondary  of  the  C.T.  induces  a  strain  in  the  fibre  optic 
interferometer  which,  with  suitable  signal  processing,  means  is  converted  to  an 
output  which  is  linearly  related  to  the  current.  As  the  optical  fibre  is  an  insulator 
both  the  size  and  hence  cost  of  the  CT  can  be  greatly  reduced. 

2.  Theoretical  background: 

The  operation  of  the  CT  is  based  upon  Ampere's  law  where  the  line  integral  of 
the  magnetic  field  H  along  any  closed  path  equals  the  enclosed  current  I: 

|H.dl  =  I  (1) 

hence  the  position  of  the  current  within  the  closed  path  is  not  important  and 
the  presence  of  magnetic  fields  associated  with  currents  external  to  the  closed 
loop  do  not  affect  the  measurement.  Thus,  three  CTs  may  be  grouped  together  to 
independently  measure  each  current  in  a  typical  three  phase  electricity 
distribution  network. 
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When  a  current  passes  through  a  bus  bar  to  be  measured,  the  action  of  the 
current  is  to  induce  a  magnetic  flux  change  AO  in  the  medium  constituting  the 
core  of  the  CT,  given  by 


(2) 


where  S  is  the  cross-sectional  area  of  the  core,  p.  its  permeability,  and  1  its  length. 

A  solenoid  is  wound  around  the  CT*s  core  hence  if  AO  is  time  dependent  an 
alternating  current  is  generated  in  the  solenoid  (the  secondary  of  the  CT)  which 
may  be  converted  into  a  voltage  signal  by  placing  a  resistor  across  the  CT's 
secondary.  This  voltage  signal  is  then  applied  to  a  cylinder  made  from  piezo¬ 
electric  material.  The  dimensions  of  the  piezo-electric  cylinder  vary  as  a  linear 
function  of  the  voltage  generated  across  the  resistor  and  can  be  measured  by  a 
fibre  optic  Michelson  interferometer  with  its  sensing  arm  wrapped  under 
tension  around  the  PZT. 


3.  Experimental  arrangement  and  its  performance: 

In  order  to  measure  three  phase  currents,  a  time  division  multiplexing 
scheme  with  a  binary  tree  topology  was  employed.  The  experimental 
arrangement  is  illustrated  schematically  in  figure  1.  A  four  sensor  network 
multiplexed  in  the  time  domain  was  used  to  measure  three  independent 
currents  simultaneously.  The  fourth  sensor  is  required  as  a  reference  sensor  to 
monitor  extraneous  noise  signals  at  50Hz  as  the  signal  being  measured  is  at  the 
line  frequency  of  50Hz. 
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A  Sharp  LT024  laser  diode  operating  at  780  nm  was  used.  An  acousto-optic 
modulator  is  used  to  convert  the  continuous  output  of  the  laser  into  a  stream  of 
narrow  light  pulses  [3].  The  topology  is  reflective  and  is  designed  to  return  pulses 

from  the  4  sensors  at  a  spacing  of  1  |is.  The  four  Michelson  interferometers  had 
optical  path  differences  of  4cm  and  the  ends  of  the  fibre  were  silvered  to  achieve 
high  power  returns  on  the  optical  bus.  The  detected  signals  are  amplified, 
electronically  demultiplexed  and  displayed  on  a  spectrum  analyser. 

The  current  source  used  in  the  experiment  comprised  a  variable  transformer 
in  series  with  a  step-down  transformer  capable  of  generating  a  maximum  output 
power  of  6  kVA.  The  output  currents  from  the  transformer  were  carried  by  a  100 
Amp  copper  wire  which  passed  sequentially  through  the  3  CT’s,  the  number  of 
turns  deployed  on  each  CT  being  different  to  simulate  different  input  currents. 

Ten  measurements  of  the  outputs  of  each  of  the  sensing  interferometers  in 
the  linear  regime  were  taken  in  the  range  lOmrad  to  lOOmrad  and  the  average 
interferometric  sensitivities  of  the  three  sensing  interferometers  in  quadrature 
were  424(i.rad/VHz,  348|xrad/VHz  and  402|irad/VHz.  The  difference  in 
sensitivities  between  the  interferometers  is  primarily  due  to  differences  in  the 
returned  light  power.  The  experimental  data  obtained  with  this  new  system  are 
summarized  in  figure  2,  where  the  variation  of  the  output  signals  for  each 
sensing  interferometer  as  a  function  of  the  input  current  are  shown.  The  slopes 
of  the  figures  are  0.023mV/Amp,  0.076mV/Amp  and  0.019mV/Amp 
respectively. 


0  20  40  60  80  100  120  140 

Input  Current  (Amp.) 

Figure  2.  Output  signals  as  a  function  of  input  current 
at  50Hz  in  the  0  to  140  Amp  regime. 

The  measured  values  of  d<(>/dl  of  the  three  sensors  are  0.8287mrad/Amp, 
0.7809mrad/Amp  and  0.8253mrad/Amp,  which  correspond  to  measurand 
sensitivities  of  0.51  A/ VHz,  0.45A/VHz  and  0.49A/VHz  in  the  0  to  120  Amp 
regime.  Both  the  measurement  sensitivity  and  the  operating  regime  of  these 
sensors  are  determined  by  the  number  of  turns  of  fibre  wrapped  on  the  PZT,  the 
value  of  the  load  resistor,  and  the  sensitivity  of  the  interferometer.  The 
operating  regime  of  each  sensor  can  be  adjusted  by  simply  changing  the  value  of 
the  load  resistor  across  the  PZT  in  the  interferometer.  This  was  done  for  the 
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second  sensor  and  the  experiment  repeated  over  the  maximum  range  the 
apparatus  would  allow.  Figiue  3  shows  the  results  of  this  e3q:)eriment.  In  this  case 
the  measured  sensitivity  of  the  sensor  was  of  I.6A/VH2,  in  the  0  to  500  Amp 
regime. 


Figure  3.  Output  signal  as  a  function  of  input  current 

at  50Hz  in  the  0  to  500  Amp  regime. 

An  estimate  of  the  quality  of  these  measurements  is  required  due  to  the 
h'equency  of  the  measurand  teing  at  the  line  frequency  where  electrical  pickup 
will  be  at  a  maximum.  Standard  deviations  of  the  interferometric  sensitivities  in 
the  experiment  are  typically  less  than  lOjirad/VHz. 

4.  Discussion  and  conclusion: 

Although  this  new  measurement  system  performs  well  in  the  laboratory 
further  development  is  necessary  before  it  can  be  deployed  in  the  field.  One 
major  problem  is  that  if  ordinary  monomode  fibre  is  used  for  the 
interferometers  as  was  the  case  here,  polarisation  fading  will  inevitably  occur 
leading  to  a  reduction  in  the  visibility  of  the  interferometric  sensors  severely 
degrading  the  signal  being  returned  on  the  optical  bus.  This  can  be  overcome 
either  by  the  use  of  polarisation  maintaining  fibre  and  couplers  or  through  active 
polarisation  control  at  the  optical  input.  More  stringent  problems  are  that  the 
interferometric  signals  are  sensitive  to  the  temperature  and  vibration 
perturbations  which  may  be  induced  if  the  system  is  deployed  in  the  power 
distribution  industry.  Further  investigations  to  reduce  the  impact  of  such 
pertiubations  are  currently  in  progress. 

In  conclusion  we  have  demonstrated  a  new  hybrid  current  sensor  system  via  a 
TDM  fibre  network  for  the  measurement  of  three  phase  currents  at  high 
potential.  The  resolution  and  dynamic  range  of  the  system  is  well  within  the 
requirements  of  the  standard  specification  quoted  for  a  conventional  current 
transformer. 
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